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Abstract 
Aromatic carbon-fluorine bond activation (CFA) and aromatic carbon-hydrogen 
bond activation (CHA) were explored in the reactions of fluoro-substituted benzenes 
with Ir(ttp)(CO)Cl in the presence of a base to give aryl iridium porphyrin complexes. 
The aromatic carbon-fluorine bond of fluorobenzene was activated by 
Ir(ttp)(CO)CI at 200 in basic media in 89% yield in solvent-free conditions and in 
THF. Selective carbon-fluorine bond activation was shown in reactions between 
Ir(ttp)(CO)Cl and some fluorobenzenes bearing two and three fluorine atoms (eq. 1). 
The mechanism of the reaction was investigated briefly also and the intermediate was 
suggested to be Ir(ttp)". 
lr-(ttp)(CO)Cl + ArF ^OequivNaOH ^ 丨「丨丨丨_ ⑴ 
THF, 200°C’N2’Time ^q .q s o^ 
In solventless conditions, competitive carbon-hydrogen bond activation was 
shown in the reaction between Ir(ttp)(CO)Cl and 1,2-fluorobenzene or 
1,4-difluorobenzene. The carbon-hydrogen bond activation product was suggested to 
















5: chemical shift 
'H NMR: proton NMR spectroscopy 
13c NMR: carbon-13 NMR specroscopy 
Anal: analytical 
Ar: aryl 
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ESI: electrospray ionization 
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MHz: megahertz • 
min: minute (s) 
V 
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Chapter 1 - Introduction 
1.1 Definition of Aromatic Bond Activation 
Aromatic bond activation is defined as the cleavage of carbon-hydrogen bond, 
carbon-carbon bond, carbon-halogen bond, carbon-nitrogen bond or carbon-oxygen 
bond, etc. in which the carbon atom is in an aromatic system. Eq. 1.1 illustrates an 
example of aromatic bond activation. 
A r - x + MLn Ar-MLn-X or Ar-MLp (1.1) 
X=H, F, CI, OR, etc. 
1.2 History of Carbon-Fluorine Bond Activation 
The discussion of some examples of carbon-fluorine bond activations by 
transition metal complexes from a historical perspective is shown below. For more 
detailed discussions, the reviews by Richmond^ and Torrens^ should be consulted. 
1.2.1 Examples of Aromatic Carbon-Fluorine Bond Activation in 1970s 
The first example of cross-coupling by the activation of aromatic 
carbon-fluorine bond was reported in 1973. Kiso et al. discovered that fluorobenzene 
reacted with /-CsHTMgCl in the presence of Ni(Me2PCH2CH2PMe2)Cl2 catalyst in . 
ether solution to give a mixture of cross-coupling products 1, 2 and 3 in 62% overall 
yield(eq. 1.2).^ The selectivity of the reaction was proposed to be determined by the 
relative rate of isomerization of the wo-propyl group and oxidation addition of the 
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aromatic C-F bond to the Ni(II) centre. 
p H 
V 0.5 mol % I I I 
i-C3H,MgCI + r f S Ni(dpme)a, A - A ^ f S (12) 
U Et2O,「eflux，40h ^ L ^ 
dpme = Me2PCH2CH2PMe2^  7% 2 52% 3 3% 
In 1976, Bruce et al. demonstrated another example of aromatic C-F activation 
of 3,5-(CH30C0)2C6H3N=NC6F5 by CpRu(PPh3)2(Me).4 21% of or//2o-activated 
product was isolated after 4.5 hours (eq. 1.3). The selectivity was proposed to be 
chelation-assistance driven. 
F\ F F F 
中 + Heptane ^ F ^ ^ 、 定 ^ ^ 
Me'言p『h3+ F N=N Reflux, 4.5 h f N=N 〜卩"3 
Me02C Me02C 21% 
1.2.2 Examples of Aromatic Carbon-Fluorine Bond Activation in 1980s 
In 1987, Richmond et al. demonstrated the activation of aromatic C-F bond of . 
pentafluoroazobenzene 4 by W(CO)3(NCEt)3 in THF (Scheme 1).^  The tungsten(O) • 
complex was attached to 4 with the loss of 2 EtCN ligands and oxidative addition of 
the C-F bond occurs to give the final product in 69% yield. � 
2 
Q 
F F=M NHo -2EtCN . 
W(CO)3(NCEt)3 + 2 � 2 E t C N 
Q Q 
R / = N O C NH2 ^ N OC NH2 
\ _ / \ 1 / -EtCN . ^ 广 
X n C e / S o 10 mm J l f cO 
F F 卜 I T 
^ 69% 
Scheme 1. Oxidative Addition of Aromatic C-F into Tungsten(O) Complex 
The above examples demonstrated the development of stoichiometric 
activations of C-F bond in 1970s and 1980s. Later discoveries of catalytic activation 
in 1990s were based on the previous experience and understandings of aromatic C-F 
bond. 
1.2.3 Examples of Aromatic Carbon-Fluorine Bond Activation in 1990s 
In 1991, Milstein and co-workers demonstrated the activation of aromatic 
carbon-fluorine bond of hexafluorobenzene by Ir(PEt3)3(Me) at 60 to give the . 
activated product with the elimination of methane and ethylene (eq. 1.4).^ The • 
proposed mechanism is shown in Scheme 2. 
F 
- E t - P - E t 
F Et3P-lr-PEt3 
lr(PEt3)3(Me) + T ^ " r r ^ T T + CH4 + HzC^CH? (1.4) 




E t z P E t z P 
B 3 P \ | C F E t 3 P \ | 
l r ( P E t 3 ) 3 ( M e ) ^ M e — I r ^ ^ ^ ^ M e — I r ^ CeFe | 
PEto transfer PEU 
H 3 L H 3 � 
Reductive 
-CH4 elimination 
� -!• + 
EtzP 
Et^ Pv 1 . -C2H4 广 
Ir 一 PEt2 CgFe “ E t g P — I r~~ CeFg 
EtgP' 
L PEta _ 
F 
F E t - P - E t 
CsFs-l—PEt2 Et3P-lr-PEt3 
EtsP PEta CeFg 
Scheme 2. Proposed Mechanism of C-F Activation by Ir(PEt3)3(Me) 
In 1997, Jones and co-workers reported the cleavage of aromatic 
carbon-fluorine bond of hexafluorobenzne by high valent Cp*Rh(PMe3)H2 in pyridine 
or 1:1 pyridine / benzene solution to give Cp*Rh(PMe3)H(C6F5) in 50% yield (eq. 
1.5)/ The reaction is found to be autocatalytic by kinetic studies where the fluoride 
anion is shown to be responsible for the catalysis. The anion [Cp*Rh(PMe3)H]" reacts 
rapidly with C12F10 or CioFg to give Cp*Rh(PMe3)H(C6F5), the same product as when 
Cp*Rh(PMe3)H2 was used as the starting material. The reaction mechanism was • 
proposed to be the deprotonation of Cp*Rh(PMe3)H2 followed by nucleophilic attack 
of the resulting anion on the polyfluoroaromatic with subsequent loss of fluoride. The 
fluoride ion continues the cycle by deprotonating another Cp*Rh(PMe3)H2. 
4 
^ ^ ^ ^ F JL F pyridine or ^ ^ ^ ^ 
Rh + T I 1:1 pyridine/benzene， MeaP^f^H + PyH+r (1.5) 
MeaP �H p ' - V j ^ p 85 °C, 24 h 
F 50% 
The first catalytic C-F activation was discovered in 1994. Milstein's group 
reacted hexafluorobenzene with hydrogen in the presence of [Rh(SiEt3)(PMe3)3] to 
give pentafluorobenzene (eq. 1.6).^ The proposed catalytic cycle of the reaction is 
shown in Scheme 3. The carbon-fluorine bond was proposed to oxidatively add to the 
catalyst 5 and FSiRs was then eliminated to give the metal aryl 6. Oxidative addition 
of HSiRs to 6 gave 7 and finally pentafluorobenzene was generated as the elimination 
product. 
2 mol% 
CeFe + H2 (90 psi) ’ ‘ CeFsH (1.6) 





C e F e - - / 6 . 
丨 CeFs 
LgRhSiRg L。 | 、、、H 
V , r � 
V SiRs 
CeFsH L = PMe3 
Scheme 3. Catalytic Cycle of Carbon-Fluorine Activation by Rh(SiEt3)(PMe3)3 -
After the first example of catalytic C-F activation was reported, more catalytic 
5 
systems were developed. Also the catalytic cross-couplings of aryl fluorides were 
investigated via cross-coupling approach. 
1.2.4 Examples of Aromatic Carbon-Fluorine Bond Activation in 2000s 
After 2000, cross-coupling systems which activated aromatic carbon-fluorine 
bond were successfully developed. Ruiz et al. reported the Suzuki-type cross-coupling 
of fluorobenzene at 55 ''C with PhB(0H)2 in the presence of supported Pd(II) catalyst 
(eq. 1.7).9 
PdPy-layered 
+ p - o o ^ (1.7) 
86% 
Nakamura's group demonstrated the Kumada-type cross-coupling of aryl 
fluorides at 25 - 36 with PhMgBr in the presence of nickel(II) catalyst with a 
hydroxy phosphine ligand (eq. 1.8)/® 
PhMgBr (1.1-1.5 equiv) 
Ni(acac)2，(0.05-5 mol%) / = \ / = \ 
^ ^ E t 2 0， 2 5 - 3 6 0 C ^ ^ ^ (1.8) 
FG = Me, OMe，NMe2 f j ' ^ 87-94% • 
y y ... 
OH PPh2 
1.3 Difficulties and Challenges in Aromatic Bond Activation 
The electronegativity of fluorine is 4.0 measured in Pauling's scale，which is the 
highest of all elements in the periodic table." Originated from a high electronegativity 
difference between fluorine and carbon, the aromatic C-F bond is very polar and hard 
6 
to cleave that it is resistant to heat, light and even chemicals. So it is difficult to cleave 
the C-F bond easily.'^ The difficulty to break the C-F bond attracts much interests 
from organometallic chemists and researches for converting fluorobenzenes into more 
useful compounds are being carried out ." 
Compared with studies of aromatic carbon-fluorine activations, the activations 
of aromatic C-H bond have been studied starting from 1960s and received much 
attention�4 Although an aromatic C-H bond is considered inert as it is strong and 
localized without low energy empty orbitals or high energy filled orbitals, many 
reports were published about the cleavage of the aromatic C-H bond by transition 
metal complexes.‘斗 
1.3.1 Thermodynamic Estimations 
The thermodynamic calculations of fluorobenzenes are summarized in Scheme 
4 and Table 1.1. 
CeHg—F + 2M CeHg-M + M-F 
AH 二 (M-C) + (M-F) - (C-F) 
=[(-100) + (-70) - (126)] kcal moP' .. 
=-44 kcal mol"' 
AG = AH - TAS • 
={(-44 kcal mol-i) - [(298K)(35 e.u.) / 1000]} kcal mol"' 
=-34 kcal mol'i • 
Scheme 4. Thermodynamic Estimation of CFA for Fluorobenzene 
7 
Table 1.1 Thermodynamic Estimation of CFA and CHA 
Entry Fluoro- BDE o fC-F BDEof Gas phase pKa CFA CHA 
benzene bond / kcal C-H bond / of C-H (AGV AG298/ AG298/ 
_ —— mol-i kca lmol ] kcal mol"') kcal mol' ' kcal mol"' 
1 O NA 1 1 0 _ 390.919 NA -20 
F 
2 126释） 110 释） 378.619 -34 -20 
F 
3 p X ^ ^ 1 3 8 _ 117' 361.4丨9 -22 -13 
F ^ F -
4 F ^ V ^ 1 5 4 _ ) NA NA -6 NA 
F 
The BDE of the C-F bond in fluorobenzene is 126 kcal mol"^ and the BDE of 
the C-H bond is 110 kcal mol'^ The BDE of C-F bond is up to 154 kcal mol' ' in 
hexafluorobenzene.i6 The iridium carbon bond in IrCp(PH3)(H)Ph and the iridium 
hydrogen bond in Ir(ttp)H are both about 70 kcal rnoVK^^'^^ Since the metal fluorine 
bond is roughly stronger than metal hydrogen bond by about 30 kcal mol"' for t/-block 
transition metal complexes，the iridium fluorine bond is estimated to be about 100 
kcal mol-i.is The bond strength data for iridium complexes are summarized in Table 
1.2. .. 
Table 1.2 Iridium Bond Strengthes 
- Reference Compound Bond Type Bond Strength / kcal mol"' 
IrCp(PH3)(H)-Ph Ir-C 70^ ® 
Ir(ttp)-H Ir-H 70^' -
18 
General transition metal complexes Ir-F 
8 
The gas phase acidities of fluorobenzenes are listed in Table The AS is 
around -35 eu at 298 K.^^ The estimated AG298 of the CFA reaction of fluorobenzene 
is about -34 kcal mol"' while the CHA reaction of fluorobenzene is about -20 kcal 
mol-i. It could be estimated that the CFA reaction is a more thermodynamically 
favourable process than the CHA reaction. 
For hexafluorobenzene, since the carbon-fluorine bond is stronger, the AG298 of 
the CFA reaction is only slightly negative. The iridium carbon bond strength for 
Ir(ttp)C6F5 is also expected to be stronger than Ir(ttp)Ph and the influence of fluorine 
atoms to the iridium carbon bond is even more than that of C-F bond in 
hexafluorobenzene. 
1.3.2 Competitive Aromatic Bond Activation 
A transition metal complex can activate a haloarene at different potential sites 
via aromatic carbon-hydrogen bond activation or aromatic carbon-halogen bond 
activation. The possible pathways for activation are shown in Scheme 5. The metal 
complex can cleave the carbon-halogen bond to give an aryl metal complex 8. On the 
other hand，the metal complex can cleave the carbon-hydrogen bond to give another -
aryl metal complex 9，either selective or non-selective. The selectivity of CHA against • 
CXA and the regioselectivity of CHA can be challenging to control and understand. 
9 
C X ^ ^ 0 " M L n 8 
0 " X + MLn ^ ^ 
C H A " ^ <( ^ X 9 
(and isomers) 
MLn 
Scheme 5. Competitive Activation of Carbon-Halogen Bond and Carbon-Hydrogen 
Bond 
1.3.2.1 Competitive Aromatic Carbon-Hydrogen and Carbon-Halogen Bond 
Activation 
Thermodynamics is a useful tool to explain the selectivity of competitive 
carbon-halogen bond and C-H activation by estimating the difference in reactivity. 
Table 1.3 lists the bond dissociation energy of aromatic carbon bonds. Aromatic 
carbon-fluorine bond is the only carbon-halogen bond stronger than aromatic C-H 
bond, so it could be suggested that the reactivity of the bonds are as follows: C-I > 
C-Br > C-Cl > C-H > C-F. From a synthetic point of view, regioselectivity of C-H 
bond reaction in a haloarene is very attractive as the halogen atom can direct the 
functionalization towards ortho-SQlective C-H activation and C-X activation. 
10 
Table 1.3 Bond Dissociation Energies of Aromatic Carbon Bonds 






Besides bond strengths, there are other factors to direct between the 
carbon-halogen and C-H activations such as chelation-assistance and nucleophilicity 
or electrophilicity of the incoming metal complex. These affect the regioselectivity of 
CHA in ortho�meta- and para- positions. 
Milstein's group demonstrated the or//zo-selectivity by chelation-assistance 
using iridium(I) complex with pincer ligand (Scheme 6)?^ When the complex reacted 
with chlorobenzene and bromobenzene at 50 the ortho-isomQX is formed 
preferentially over meta- and para- isomers with a ratio of higher than 2:2:1. The 
pre-coordination effect of the halogen atom negates the steric effect and ortho-
selective product was preferred. Raising the reaction mixtures to 60 turned the 
reaction or//?o-selective, indicating that the or/Zzo-isomers are both kinetically and 
thermodynamically favoured. For the case with fluorobenzene, there was no 
- selectivity for the C-H activation, probably due to the lower ligating ability of fluorine 
atom compared with chlorine and bromine atoms. 
11 
~|+PF6- —i^PFe" ~|+PF6-
/ - - P ^ B u o ^ CeHsX ^ " P t B u 2 CeHsX 巧 
I k 50°C,8h W H ^ I V ^ x e O ^ C . S h W H I \ _ / 
CI: quantitative, o- m- p- CI: quantative 
4.6 : 2 : 1 Br: quantative 
Br: quantitative, o- m- p-
7 :2 : 1 
F: quantitative, o- m- p-
2 :2 : 1 
Scheme 6. O . S e l e c t i v i t y of C-H Activation of Halobenzene by Ir(PNP) Complex 
Goldman et al. reported the selective 0r/720-additi0n of aromatic C-H bond to 
iridium(I) complex 10 (Scheme Although the ortho- position of nitrobenzene was 
activated, the functional group did not direct the activation but hindered the reaction. 
When 10 and nitrobenzene reacted at lower temperature of -47 kinetic products of 
meta- and para- retainers 11 were formed. At higher temperature of -10 the 
ortho-C-Y{ activated product, trans-2ixy\ iridium hydride 12 forms. It isomerized at 135 
to give the thermodynamic product cw-aryl iridium hydride 13 in 95% yield. The 
or//2o-selectivity is not due to kinetic chelation-assistance because 13 was not formed 
as the kinetic product prior to 12. Then the origin of ortho-sdQCtivity is not due to 
kinetic factor as initially thought. 
12 
厂 ptBU2 … , /—P*BU2 
_ I ^ NO2 Norbornene _ _ / 么 
f / ^ 丄 -Norbornane f / v 
</ N-lrH2 + ^ 《 N - l r — C ^ ^ N O ^ 
\ p t B u 2 ^ ^ p t B u 2 + 腕始-rotamers 
11 85% 
p-xylene, Norbornene 
-10 °C - Norbornane 
/—P*BU2 /—P*BU2 
PN-JH ——^ P N - i ^ 
W H^  r o - N . p-xylene W q ' + ^ C " ^ 
^P»Bu2 135�C "^ptBu^O 
12 Quantitative 13 95% 
Scheme 7. Ortho-SdQctivity of C-H Activation of Nitrobenzene by Ir(PNP) Complex 
The Legzdins' group reported another selective ortho-C-H activation by 
tungsten(III) complex 14 (Scheme 8).24 Or//zo-selectivity was observed when 14 was 
heated with fluorobenzene, chlorobenzene or bromobenzene at 70 for 40 h. The 
authors proposed that both electronic and steric factors are operating during the 
activations, as shown for ortho- and meta- dihalobenzene reactions (Scheme 9 and 
10). 
- CMga PhX. 
「W、,NO 70 0。 广 NO 厂 
— 斗 40h L 十 J " I O • 
AA X o . m- : p-
F 97 : 2 ： 1 
CI 75 ： 18: 7 
Br 63 : 25 : 12 
Scheme 8. Or/Zzo-Selective C-H Activation of Halobenzene by Tungsten(III) Complex 
13 
0-C6H4X2 
产 NO “ /-W-NO + 广W\,N0 
J - f c p 
X a X X b 
X a : b 
F 98 : 2 
CI 82 : 18 
Scheme 9. C-H Activation of O . D i h a l o b e n z e n e by Tungsten(III) Complex 
1 ^ n y 
/r?七 6H4 入 2 / ^ i ^ s . /^T^v 
十 J "1r-Q - r p - x - f c ^ 
a X X b c 
X a : b : c 
F 84 : 0 : 16 
CI 89 : 11 : 0 
Scheme 10. C-H Activation of M?to-Dihalobenzene by Tungsten(III) Complex 
The Ozerov's group demonstrated the competitive C-H and C-Cl activations by 
Ir(PNP) complex 15 (Scheme The complex reacted with chlorobenzene at room 
temperature to give a mixture of C-H activation products and a trace amount of the 
C-Cl activation product. When the mixture was heated to 70 the ortho-isomer was 
formed as the sole product. Upon further heating to 120 C-Cl activation product is “ 
formed. The initially formed para-isomev was the most kinetically accessible one. At 
70 the interconversion between C-H activation isomers gave the lowest energy 
- ortho-isomQT as the iridium-carbon bond of ortho-isomQV is the strongest one and “ 
co-ordination of chlorine atom to the iridium centre is favoured. At 120 C-Cl 
activation took place to give the most theraiodynamically stable product, 
Ir(PNP)Ph(Cl). 
14 
Q - p ” Q r n ^ I c . ^ ^ T T ) 
二N- rH. + � O " 
^ ^ p i p � 2 0 " P i P � 2 ^^PiP�2 0"PiPr2 
95% 71% 60% 
o : m : p 70 °C,3d 120°C, 1d 
1.0:2.1 ':5.7 
Scheme 11. Competitive C-H and C-Cl Activation by Ir(PNP) Complex 
1.3.2.2 Competitive Aromatic Carbon-Hydrogen and Carbon-Fluorine Bond 
Activation 
Tomas and co-workers reported the selective C-F and C-H activations 
depending on the substrates (Scheme When osmium(VI) hexahydride 16 was 
heated in toluene with 17 or 18, C-H activation products 20 and 21 were obtained. 
This is possibly due to the repulsion between the oxygen and fluorine atoms before 
coordination to the complex, thus favouring the cleavage of C-H bond next to the 
complex. When the diaryl 19 was heated with 16, both aryl rings impose similar steric 
effect to the complex. As H-F bond is stronger than H-H in bond dissociation energy 
to be formed for the co-products, C-F activation is more thermodynamically 
favourable and took place exclusively. . 
15 
F O 
p i p r -
^ 17 H�I ^ r t L p 
— ^ - H — O s ^ T ^ F 80% 
Z | � O < C H 3 
F O pipr3 20 
FyS^CHs p 
— H ^ V H 
仏 ^ I F ^ ^ h ^ O s C ^ F 750/0 
H / I ^ H Reflux, 5h 
H ， -3 21 
- Y - r H , 玲 ； 
Scheme 12. Competitive C-H and C-F Activation by Osmium(VI) Complex 
Reinhold et al. compared the energetics of competitive C-F and C-H activation 
process for nickel(O) and platinum(O) complexes to give isomeric products (Scheme 
19).27 Nickel showed a preference for C-F activation over C-H activation and the 
opposite for platinum. The result was calculated to be the consequence of d^-pji 
repulsions of Pt-F bonds but not Ni-F bonds. 
H2 
H • 
M 、 I AE = - 37.0 (M = Ni) 
• • Z ^ p - 36.0 (M = Pt) . 
「"： F 人 F / . 
M + \ F 
‘ F V ^ F \ H. 
F r-Ps H F 、 
- 、 M. ] ^ AE = -13.9 (M = Ni) 
^ P X p ^ F -24.1 (M = Pt) 
H2 I 
f ^ V ^ f 
F 
Scheme 13. Computational Energetics of C-F and C-H Activation in Isomeric 
Products (AE in kcal mol"') 
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1.4 Mechanistic Investigations of Aromatic CFA 
After reviewing some of the examples of C-F activation, the possible pathways 
of C-F activation are to be explained. There exists 4 major mechanistic pathways: 1) 
oxidative addition, 2) nucleophilic aromatic substitution (SnAf), 3) fluorine atom 
abstraction, and 4) 1,2-addition. (Table 1.4) 
Table 1.4 Mechanistic Schemes Involved in CFA and CHA 
Mechanistic Scheme C-F Activation Scheme C-H Activation Scheme 
MLn + A r - F MLn + Ar - H 
1 Oxidative addition — Ar-MLn-F — Ar-MLn-H 
Nucleophilic aromatic mI^ + Ar—F 
2 n — Ar - MLn + F- N i l 
substitution 
Electrophilic aromatic MLn+ + Ar—H 
3 Nil — Ar-MLn + H+ 
substitution 
LnM=CHR才 A r - F LnM=CHR2 + A r - H 
Ar F Ar H 
4 1，2-Ad—on — Lnl\^-CR2 — L ^ - C R ^ 
Fluorine atom 2LnM- + Ar -F 
5 — Ar-MLn + LnMF Ni l 
abstraction . 
1.4.1 Oxidative Addition 
- Oxidative addition of an aromatic C-F bond to a transition metal complex � 
involves the 2-electron oxidation of the metal centre. The metal center is required to 
be available for double co-ordination and it can accommodate 2 more electrons from, 
the aryl fluoride. In the process, the C-F bond is cleaved and two new bonds, a 
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metal-carbon bond and a metal-fluorine bond, are formed simultaneously (eq. 1.9). 
MLn + A r - F — Ar-MLp-F (1.9) 
Puddephatt and co-workers reported the oxidative addition of an aromatic C-F 
bond into a low valent platinum(II) complex to give the Pt(IV) product using 
chelation-assisted strategy (Scheme 14).^^ 
/ ~ \ / \ 
F j N 广 V V ^ N � 入 F ^ ^ y ^ N � 入 
F - J ^ ^ F 1 / 2 [ P t M e 2 ( S M e 2 ) ] 2 , � � _ ^ 
F F . F F F F 
Scheme 14. Oxidation Addition of Aromatic C-F Bond by Pt(II) Complex 
1.4.2 Nucleophilic Aromatic Substitution 
Nucleophilic aromatic substitution (SwAr) is another type of aromatic C-F 
• 2 
activation. The metal complex acts as a nucleophile to attack on the aromatic sp 
carbon and the fluorine atom leaves as a fluoride anion. As a C-F bond is strong, the 
metal complex is perfered to be electron-rich, low valent (eq. 1.10). 
MLp- + A r - F — Ar-MLn + F" (1.10) . 
Leong et al. demonstrated the nucleophilic aromatic substitution by Cp*Ir(C0)2 . 
with CeFsCN and water at room temperature (Scheme 15).^^ 
Cp* r： 
_ I Cp* F 
‘： 0 � , 1 � . ' ' � 0 OC—ir 
CP*T(CO)2 + V Y 具 ^ ^ H O o d ' 3 ^ C N 
p / K ^ P Ar, r. t. f A ^ F Ar，16h,r.t. f ^ ^ CN 
CN GN 99% 
Scheme 15. Nucleophilic Aromatic Substitution of Aromatic C-F Bond by Cp*Ir(CO)2 
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1.4.3 Fluorine Atom Abstraction 
Fluorine atom abstraction involves the fluorine atom transfer by the homolytic 
cleavage of aryl fluorine bond to the metal complex radical, (eq. 1.11) 
2LnM- + Ar -F — Ar -MU + L , (1.11) 
LpM- + Ar -F — LnM—F + Ar. (1.11.1) 
LpM- + Ar- — Ar-MLn (1.11.2) 
Halpern et al. reported the activation of the weaker C-I bond in 2-iodopyridine 
via atom abstraction by 17-electron Co(CN)5^' radical (eq. 1.12).^ ® The two products 
obtained were Co(CN)5l^" and Co(CN)5Py^" via a two-step radical reaction sequence. 
The proposed mechanism is illustrated in Scheme 16. Halogen atom abstraction is 
more common for aliphatic halides. 
2Co(CN)53-+ ^ Co(CN)5|3- + <^^KCO(CN)53- (1.12) 
\ = N 50。C’16h \ = N 
95% 
CO(CN)53- + RX """"^ CO(CN)5X3- + R-
Co(CN)53- + R- ^ - CO(CN)5R3- ‘ 
Scheme 16. Proposed Mechanism for Halogen Atom Abstraction by Co(CN)5^' 
1.4.4 1,2-Additioii 
The 1,2-Addition into a metal-carbon double bond is viable for C-F activation 
by early- to mid-transition metals. Bergman and co-workers demonstrated a-
hetero-l,2-C-F bond addition reaction using zirconium(IV) complex (Scheme 17).^' 
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一 一 F p 
节 Me 7 漂 : ： 力 B^u 
Scheme 17. 1,2-Addition of Aromatic C-F bond into Zr=N Bond 
1.5 Mechanistic Investigations of Aromatic Carbon-Hydrogen Bond Activation 
There are totally 3 major pathways of activations of aromatic C-H bonds 
mediated by transition metal complexes: 1) oxidative addition, 2) electrophilic 
aromatic substitution (SEAi*), and 3) 1,2-addition. (Table 1.4) 
1.5.1 Oxidative Addition 
Similar to the oxidative addition of aromatic C-F bond, the oxidative addition of 
an aromatic C-H bond to a transition metal complex involves the 2-electron oxidation 
of the metal centre which is not electronically and spatially saturated (eq. 1.13). 
MLn + A r - H — Ar-MLn'H (1.13) 
Bergman and co-workers reported the first example of oxidative addition of an • 
aromatic C-H bond into a low valent iridium(I) complex to give the Ir(III) product (eq. 
MegP H 5.5 h MegP Ph 
67% • 
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1.5.2 Electrophilic Aromatic Substitution 
Electrophilic aromatic substitution (SeAi) is a common type of aromatic C-H 
activation. The metal complex acts as an electrophile and is attacked by the aromatic 
Ti-electron and the hydrogen atom leaves as a proton. Regioselectivity is an issue to 
the substitution as the classical electrophilic substitution probably gives more than one 
products (eq. 1.1 
MLn++ A r - H — Ar-MLn + H+ (1.15) 
Ogoshi and co-workers demonstrated the electrophilic aromatic substitution by 
Rh(oep)Cl with benzene and silver(I) tetrafluoroborate at room temperature (Scheme 
18).35 
• p n � n C6H6，AgBF4 , 
Rh(o 印)CI N2,50OC->r.t.,50h A 
-CI- U 70% 
Rh(。ep)+ - 力 + 
H Rh(oep) 
Scheme 18. Electrophilic Aromatic Substitution by Rh(OEP)Cl 
1.5.3 1,2-Addition 
The 1,2-Addition into a metal-carbon double bond is also common for C-H 
activation by early to mid transition metals. Legzdins et al. reported an 1,2-C-H • 
addition reaction using tungsten(IV) complex with benzene-(i6 (Scheme 
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^^^^^ CQDQ 
ON 严 、 70OC,40h 




Scheme 19. 1,2-Addition of Aromatic C-H into W=C Bond 
1.6 Applications of Aromatic Carbon-Fluorine Bond Activation 
Aromatic carbon-halogen bond activations, especially carbon iodine and carbon 
bromine bond activations have been utilized for metal-catalyzed aryl-aryl and 
aryl-vinyl cross-coupling such as Kumada, Negishi，Stille and Suzuki-Miyaura 
reactions.36 Since C-F is relatively strong, examples for cross-coupling with 
aryl-fluorides are less reported.^' 
Herrmann et dX?^  demonstrated the selective cross-coupling of aryl fluorides 
with Grignard reagent to give biaryls via C-F activation by Ni(acac)2 catalyst, (eq. 
1.16) 
^ „ , , A 5 mol % Ni(acac)2. / = \ , , , … . 
R i U ^ F + BrMg-Ar THF.r.t..18h ‘ 备 J 、 ' (1.16) 
38 - 95% “ 
Widdowson et al. also reported selective synthesis of biaryls by palladium(O) 
catalyst in the reaction between aryl fluorides and aryl boric acids, (eq. 1.17) 
• V 二 二 h � R 2 R3 . 
22 - 85% 
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1.7 Applications of Aromatic Carbon-Hydrogen Bond Activation 
Usage of regioselective aromatic C-H activation in aryl-aryl and aryl-vinyl 
cross-coupling was an evolution from aromatic halogen bond activation since C-H 
bond is strong and inert. To direct the transition metal complexes to cleave C-H bond 
selectively, heteroaromatic or ligand-directed arylation strategies were used.39’40’4i 
Sanford et al.仙 reported the selective carbon-hydrogen arylation of 3-methyl 
-2-phenylpyridine by Pd(0Ac)2 catalyst with hypervalent iodine reagent, (eq. 1.18) 
L ^ ^ ^ Z + 5 m o | o / o P d ( O A c ) , 〔 N ^ l ^ ^ Z 
I AcOH，100。C I 
^ \ BF, A r - " ^ 
(1.1 -1.3equiv) 56 - 88% 
Daugulis et al.4i demonstrated the or从^selective diarylation of amides by 
Pd(0Ac)2 and AgOAc with aryl iodides, (eq. 1.19) 
H FR H 
r ^ ^ N 丫 R + Ari 0.2 - 5 mol % Pd(0Ac)2, AgOAc ^ / ^ N 丫 R ^ ^^ 
F ^ / C ^ O + Arl CF3COOH, 90-130 °C 
67 - 95% 
1.8 Structural Features of Iridium Porphyrins 
A porphyrin ligand is a tetradentate and dianionic ligand with an extensively . 
conjugated system. The 18兀-electron aromatic system is highly conjugated, so 
porphyrins are generally deep in colour. In the molecule, there are 4 pyrrole- groups 
with methine linkages (Figure 1.1). Both the P-pyrrolic (X) positions and meso- (R) 
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positions can be substituted. 
X R X 
x ^ V V y ^ 
V N H N � 
少“ 
尸 N H N - ^ 
X R X 
Figure 1.1. General Structure of a Porphyrin 
Metalloporphyrins can be formed by metallation of a porphyrin. The two 
hydrogen atoms are replaced by a metal atom and the lone pair electrons of the 4 
nitrogen coordinate to the metal. 
Iridium porphyrins exist in mainly +1, +2 and +3 oxidation states of iridium. At 
+1 oxidation state, the species is anionic and it behaves as a nucleophile. Iridium 
prophyrin at +2 oxidation state is a radical species as there is a single electron in dz2 
orbital of iridium centre. The cationic iridium porphyrin at +3 oxidation state is an 
electrophile. 
In Chan's group, competitive C-F and or//2o-selective C-H activations of 
fluorobenzenes has been successfully carried out by rhodium(III) porphyrin species in 
basic conditions at 1 2 0 � C (eq. 1.20).^^ “ • 
Rh(ttp) Rh(ttp) -
Rh(ttp)CI + [ H lOequivKOH , A + A 。 之 。 ） 
k A ^ 1 d，N2, dark，120�C . 
Fn Fn-1 Fn 
(0.18 M) (1.8 M) 
2 4 
1.9 Objectives of the Work 
This thesis concerns the chemistries of iridium porphyrin complexes in: 
1 • The C-F bond activation of fluorobenzenes 
2. The competitive ortho-C-H activation of fluorobenzenes 
3. The mechanistic studies of C-F and C-H activation 
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Chapter 2 - Competitive Aromatic Carbon-Fluorine 
and Carbon-Hydrogen Bond Activations 
by Iridium(III) Porphyrins 
2.1 C-F Activation of Fluorobenzene by Rhodium(ni) Porphyrins 
The activation of C-F bond by rhodium(III) porphyrin chloride was investigated 
by Mr. M.. H. Lee in Chan's group starting from 2006.42 He has found that when 
fluorobenzene was heated with Rh(ttp)Cl and 10 equivalents of KOH in benzene for 1 
day, Rh(ttp)Ph was isolated in 77% yield (eq. 2.1). The stronger C-F bond, rather than 
the weaker C-H bond, was cleaved by rhodium(III) porphyrin complex. This thesis is 
intended to extend the investigation to iridium(III) porphyrin complexes for better 
understandings of the C-F bond reaction. 
哪P)CI + C6H5F cJSSSSVid (2.1) 
2.2 Preparation of Starting Materials 
2.2.1 Preparation of Tetratolylporphyrin 
Tetratolylporphyrin (Hzttp) was synthesized from p-tolylaldehyde and pyrrole in 
- refluxing propanoic acid for 2 hours in 20% yield (eq. 2.2)."^ ^ 
H2ttp ( 2 . 2 ) . 
1 2 0 % • 
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2.2.2 Preparation of Iridium(III) Porphyrin Carbonyl Chloride 
Iridium(III) porphyrin carbonyl chloride (Ir(ttp)(CO)Cl) was synthesized via a 
two-step method according to the literature. IrCls.xHiO was first converted to 
Ir2(COD)2Cl2 2 by reacting with 1,5-cyclooctadiene (COD) in 60% yield (eq. 2.3).^^ 
H2ttp was metallated by [Ir(C0D)Cl]2 to give the purple Ir(ttp)(CO)Cl 3a in 58% 
yield (eq. 2.4).^^ 
EtOH / H20 
2 IrClsxHzO + 2 COD + 2 EtOH (21 v ^) [lr(C0D)CI]2 + 4 HCI + 2 CH3CHO (2.3) 
No, reflux, 2d 
2 60% 
p-Xylene 
1/2 [lr(C0D)CI]2 + H2ttp Ref二 4d* 1""(如)(CO)CI (2.4) 
‘ 3a 58% 
2.3 Base Effect of Carbon-Fluorine Bond Activation 
The carbon-fluorine bond activation of fluorobenzene by iridium(III) porphyrin 
carbonyl chloride was successfully carried out when Ir(ttp)(CO)Cl, fluorobenzene and 
NaOH were mixed in THF and heated at 200 to give 82% yield of Ir(ttp)Ph (eq. 
2.5). When compared with the C-F activation with Rh(ttp)Cl, the C-F activation by 
Ir(ttp)(CO)Cl required higher temperature and a higher loading of base. The rates and 
yields are similar.42 
I 糊 ( 零 + W 二 二 ; S d ( 2 . 5 ) 
After the successful C-F activation of fluorobenzene was carried out, a series of 
bases were screened to search for optimization of base in the reaction at 200 (eq. 
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2.6, Table 2.1). 
_ ( C O ) a + CeH.F 糊 
(0.012 M) (50 equiv) 4 
Table 2.1 Base Effect of CFA with Ir(ttp)(CO)Cl 
Entry Base pKa of conjugated Time CFA Other Products Total 
add46 /_d —Yield /% /% Yield /% 
la (none) N.A. 12 0 Ir(ttp)COPr / 1 7 17 
2 NaOPh 10.0 7 46 0 46 
3 K 2 C O 3 10.3 1 37 Ir(t tp)Me/17 54 
4 KOH 13.5 1 77 0 77 
5 NaOH U^ 1 82 0 82 
a 20 equiv of fluorobenzene were used 
Without base, the C-F bond of fluorobenzene was not cleaved, but the C - 0 bond 
of THF was cleaved to give Ir(ttp)COPr in 17% yield (Table 2.1, entry 1). The weaker 
bases of NaOPh and K 2 C O 3 gave low yields of C-F activation product and the 
reaction was slow (Table 2.1，entries 2 and 3). Ir(ttp)Me was observed as a side 
product when K 2 C O 3 was used as the base. Ir(ttp)(CO)Cl is proposed to react with • 
THF to give Ir(ttp)H and dihydrofuran. Then Ir(ttp)H further reacts with THF to give 
the ring opening product, Ir(ttp)COPr (Scheme 19). Therefore, the CFA requires a 
_ strong base such as KOH or NaOH. 
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lr(ttp)(CO)Ci - lr(ttp)+ + CO + Cl" 
！糊+ 
lr(ttp)+ + G ~ - ^ 
！r(ttp)+ 
入 n Ir(ttp) 
O — Q / + H+ 
lr(ttp)H + \ _ j j 
lr(ttp)H + ^ ~ ~ -
l r ( t t p 广 . ^ - 丨 r ( t t p ) H + 
O 
_ H + — + H2 . 
Scheme 19. Proposed Mechanism of Ir(ttp)COPr Formation 
Ir(ttp)Me is likely the side product from the CO reduction of Ir(ttp)(CO)Cl by 
Ir(ttp)H, as described in a previous report in Chan's group on the benzylic C-H 
activation of toluene.47 
l _ H + K2CO3 •一 ‘ l _ - K + + KHCO3 
lr(ttp)-K+ + lr(ttp)(CO)CI ^ lr(ttp)C(0)lr(ttp) 
lr(ttp)C(0)lr(ttp) lr(ttp)C(0) + Ir(ttp)-
lr(ttp)C(0) + lr(ttp)H ^ lr(ttp)CHO + Ir(ttp)- . 
lr(ttp)CHO + lr(ttp)H N lr(ttp)CH3 
Scheme 20. Proposed Mechanism of Ir(ttp)Me Formation 
Ir(ttp)H is first deprotonated slowly into Ir(ttp)" and attacks the carbonyl group -
in Ir(ttp)(CO)Cl to give Ir(ttp)C(0)Ir(ttp), which can undergo homolysis to yield the 
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carbon centred radical Ir"'(ttp)(C=0). Ir"'(ttp)(C=0) then attracts a hydrogen atom 
from Ir(ttp)H to give Ir(ttp)CHO. Further reduction by Ir(ttp)H gives Ir(ttp)Me 
(Scheme 20). 
When stronger bases, NaOH and KOH, were used, higher yields of Ir(ttp)Ph 
were observed in shorter reaction times (Table 2.1, entries 4 and 5). There were no 
side products for both bases as observed in TLC and ^H NMR analyses of crude 
mixtures. NaOH was thus chosen as the optimal base for further studies. The results 
echoed the results obtained by Mr. Lee in the C-F activation of fluorobenzene by 
Rh(ttp)Cl that strong bases, especially metal hydroxide, favoured C-F activations.斗之 
The effect of base loading of CFA reactions was also examined (eq. 2.7) and the 
results are summarized in Table 2.2. At a lower loading of 20 equivalents of NaOH, 
the reaction yield was slightly lower (Table 2.2, entry 1). 50 equivalents of NaOH was 
found to be the optimal loading. 
_p)(CO)CI + CeH,F THF’ 二 O V D ⑩ 广 （ 之 乃 
(0.012 M) (50 equiv) 4 
Table 2.2 Effect of Base Loading of CFA 
Entry NaOH / equiv CFA Yield/% . 
1 2 0 7 6 
2 50 N 
2.4 Solvent Effect of Carbon-Fluorine Bond Activation 
To further investigate the mechanistic details of the CFA reaction, a suitable 
solvent is needed. Addition of solvent could also improve the solubility of 
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Ir(ttp)(CO)Cl and fluorobenzenes with base at a lower concentration level. THF and 
benzene were examined with solvent-free conditions (eq. 2.8, Table 2.3). 
l r _ 0 ) C I + C 6 H 5 F 3 ^ ^ S ^ ^ d l ， P h (2.8) 
(0.01 M) (50 equiv) ^ 
Table 2.3 Effect of Base Loading of CFA 
Entry Solvent [C6H5FI/M CFA Yield/% Other Product /% Total Yield /% 
1 (none) 10 89 0 89 
2 THF 0.6 82 0 82 
3 Benzene 0.6 }]_ Ir(ttp)Me / 1 3 50 
When THF solvent or solvent-free conditions was used, the product yields were 
similar (Table 2.3, entries 1 and 2). With respect to fluorobenzene concentration, THF 
solvent gave a higher CFA yield. In contrast, when benzene solvent was used, both 
lower yield and lower selectivity resulted (Table 2.3, entry 3). Therefore, benzene was 
not a suitable solvent for CFA. The possibility of CHA of benzene was ruled out as 
using benzene-J6 yielded the same result. This differs from the CFA by Rh(ttp)Cl that 
benzene was the optimal solvent.42 As a result, THF was chosen as the optimal solvent 
for further studies of CFA reaction. . 
2.5 Temperature Effect 
According to a previous report in Chan's group, a combination of high 
temperature at 200 and a strong base reduce the yield of CFA activation by 
Rh(ttp)Cl (eq. 2 . 9 ) 5 • 
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F Rh(ttp) 
〜 ， … lOequivKOH 
Rh(ttp)CI + I I I I (2.9) 
CeHe, N2, Temp, 10 h 
F I 150 °C: 7 6 % 
200 69% 
In light of the previous results by Mr. Lee, the reaction temperature was brought 
down to 150 ®C and 120 ®C for comparison of rate and yield of CFA reaction (eq. 2.10, 
Table 2.4). To compare the CFA by Rh(ttp)Cl and Ir(ttp)(CO)Cl, a common reaction 
temperature at 120 would be meaningful. 
I _ ( C 0 ) C I + C6H5F j O e q u i v N a O H . 
THF, No, temp, Time , 
(0.012 M) (50 equiv) 4 
Table 2.4 Temperature Effect of CFA 
.……―Entry Temp/"C Time / d CFA Yield /% 
1 120 6 27 
2 150 5 59 
3 m 1 n 
Reducing the reaction temperature to 120 °C and 150 resulted in both lower 
yield and rate. At 150 the reaction took 5 days for completion to give 59% yield of • 
4 (Table 2.4, entry 2). At 120 the reaction was slowed down to 6 days for 
completion to give 4 in 27% yield only (Table 2.4, entry 1). The rate and yield of the 
reaction at 120 "C and 150 were not satisfactory. So 200 was chosen for the ‘ 
reaction temperature. Compared with the CFA by Rh(ttp)Cl, the CFA by Ir(ttp)(CO)Cl 
required a higher temperature to achieve at a reasonable rate and yield. 
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2.6 Concentration Effect of Carbon-Fluorine Bond Activation 
The effect of concentration of fluorobenzene of CFA reaction was investigated 
(eq. 2.11, Table 2.5). At a lower concentration of fluorobenzene at 0.1 M, the reaction 
was slower, requiring 5 days for completion of the reaction (Table 2.5, entry 1). 
Increasing the fluorobenzene loading gradually enhanced the reaction rate and yield 
which leveled off at 20 / 50 equivalents of fluorobenzene (Table 2.5, entries 2 and 3). 
Further increasing the fluorobenzene amount to 100 equivalents did not significantly 
affect both the rate and yield of the reaction (Table 2.5, entry 4). 20 equivalents of 
fluorobenzene was thus chosen for further studies of CFA reaction while 50 
equivalents of fluorobenzene was chosen for mechanistic studies. 
lr(ttp)(CO)CI + C6H5F SOequivNaOH , 
\ H 八 , 6 5 THF, N2, 200 °C, Time ^^ 、 
Table 2.5 Effect of Fluorobenzene Concentration of CFA 
EntrY.…―Equivalent of CgHsF [CeHsFl/M Time / d…―CFA Yield/% 
1 10 0.12 5 76 
2 20 0.25 1 76 
3 50 0.62 1 82 ‘ 
4 m ^ 1 85 
2.7 Activations of Fluorobenzenes 
After identifying the optimized conditions for CFA reaction of fluorobenzene at 
200 with 50 equivalents of NaOH, various fluorobenzenes were examined in the-
reactions with Ir(ttp)(CO)Cl (eq. 2.12, Table 2.6). Selective CFA occurred for all 
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substrates when THF solvent was used. In the CFA of fluorobenzenes by Rh(ttp)Cl, 
both CFA products and o-CHA products were observed.42 Similar yields were 
obtained for the CFA of difluorobenzenes (70 - 83%, Table 2.6, entries 2 - 4). The 
reaction was faster when the arene was more fluorine-substituted. With fluorobenzene, 
1 day was required for completion reaction, but it only took 8 hours to complete the 
reaction with hexafluorobenzene (Table 2.6, entry 1 and 6). The structures of 5a, 6 
and 8 were confirmed by both ^H NMR and ^^ F NMR spectroscopy. The '^F NMR 
spectra of 5a, 6 and 8 contained only 1 fluorine signal. 
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_ p ) ( C O ) C I + ArF 二 q = 二 1 ,r(ttp)Ar (2.12) 
(0.012 M) (0.25 M) THF, N2，200�C, Time 
Table 2.6 Activation of Fluorobenzenes by Ir(ttp)(CO)Cl 
Entry Fluorobenzene Time / h __ CFA Ykjd — 
F l7(ttp)" 
1 2 4 ^ ^ 
^^ k ^ 
4 82% 
F Ir(ttp) 
2 I ^ ^ ^ ^ F 2 4 
5a 77% 
F Ir(ttp) 
3 2 4 
6 83% 
F Ir(ttp) 





5 2 4 
8 74% 
F 丨 _ 
6 8 F ^ W F . 
f A ^ F p A ^ j , • 
F F 
9 72% 
Since CFA and o-CHA of fluorobenzenes by Rh(ttp)Cl were carried out in a 
higher fluorobenzene concentration (-1.8 M) than that of the CFA of fluorobenzene 
by Ir(ttp)(CO)Cl (-0.25 M ) ^ the CHA reaction might be facilitated when higher 
florobenzene concentration was used. So the reactions with difluorobenzenes were 
also carried out in solventless conditions, where selective ortho-CHA products were 
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observed along with CFA products (eq. 2.13, Table 2.7). The reaction with 
fluorobenzene in 1 day did not give any CHA products. When 1,2-difluorobenzene 
was heated with Ir(ttp)(CO)Cl for 3 hours, exclusive CFA product was observed 
(Table 2.7, entry 2). After prolonged heating to 1 day, 28% yield of CHA product was 
observed (Table 2.7, entry 3). The reaction of Ir(ttp)(CO)Cl with 1,4-difluorobenzene 
only gave 8% of o-CHA product (Table 2.7, entry 4). 
]r(ttp) Ir(ttp) 
l _ ( C O ) C I + 50 equiv N a O H . 八 + 八 
(a01 M； 4 N2’ 200。C，Time ( J Q ) 
(10 M) 卜n-1 卜n 
Table 2.7 Activation of Fluorobenzenes by Ir(ttp)(CO)Cl 
Entry Fluorobenzene T i m e / h CFA Yield CHAYieW J o t a l Yield/% 
1 24 0 89 
4 89% 
F Ir(ttp) 
2 3 / ^ k v ^ F 0 78 
5a 78% 
F Ir(ttp) Ir(ttp) 
3 ^ A I ^ F 24 ^ A I ^ F 99 
5a 71% 5b 28% 
F Ir(ttp) Ir(ttp) 
4 ^ ^ 17 A^：. � V ^ 90 
/： jL 7b 8% 
‘ 7a 82% 
2.8 Electronic Effect 
To gain more understanding of the relative reactivities and electronic effect in 
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the C-F activation reactions, competition experiments with two fluorobenzenes at 
equal concentrations were carried out (eq. 2.14, Table 2.8). 
]r(ttp) Ir(ttp) 
lr(ttp)(CO)CI + P ] + n 50equivNaOH . ^ + ^ 
(0.012 M) ^ F m ^ F . THF.N, 200 oc. Time ^ M 
(0.12 M) (0.12 M) 卜n-l 
Tabic 2.8 Activation of Fluorobenzenes by Ir(ttp)(CO)Cl 
Entry ArF Ar'F Time CFA (ArF: Ar'F) Ratio Total Yield 
/ d (Isolated product) _ _ / %_ _ 
.... - 卞 R 
1 jA：^ r ^ ^ S ^ F 1 89 
4 3:100 5a 
F F Ir(ttp) 
2 ^ ^ 3 丄r(ttp) ^ 80 
u V V 
F ^ ^ F 
4 56:100 7a 
F F Ir(ttp) Ir(ttp) 
3 1 82 
5a 66:100 6 
F F ]r(ttp) 
4 j / ^ 1 92 
F 6 
F F Ir(ttp) 
5 F v ^ ^ L / F 1 F^Y^kv^F 51 
F F 
9 
The competition experiments gave similar high total yields of CFA products 
except for 1 case (Table 2.8, entry 5). Both 1,2-difluorobenzene and 
hexafluorobenzene were more reactive than fluorobenzene. 1,4-Difluorobenzene was 
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more reactive than fluorobenzene in mole ratio (100 : 56), but was slightly less 
reactive based on per fluorine atom (100 : 112) (Table 2.8, entry 2). The reactivity 
pattern for difluorobenzene was as follows: 1,3-difluorobenzene > 
1.2-difluorobenzene > 1,4-difluorobenzene. The electron-withdrawing effect of 
fluorine atom affected the reactivity, so the least electron-withdrawing 
1,4-difluorobenzene (op = 0.06) gave the least reactivity. 1,2-Difluorobenzene is the 
most electron-withdrawing one among three, but the lower reactivity against 
1.3-difluorobenzene could be explained by steric effect. 
The results are different from those of CFA by Rh(ttp)Cl that 
1,2-difluorobenzene is more reactive than 1,3-difluorobenzene and is the only product 
obtained for each completion experiment.42 
2.9 Mechanistic Studies 
2.9.1 Activation of Fluorobenzene 
To gain some mechanistic insight into the bond activation, the reaction of 
Ir(ttp)(CO)Cl with 50 equiv of fluorobenzene and 50 equiv o f N a O H in CeDs at 200 
°C was carried out in a sealed NMR tube under N!. The reaction was monitored by 'H 
NMR spectroscopy. Initially, Ir(ttp)(CO)Cl was slowly converted to Ir(ttp)H (pyrrole 
signal at 8.8 ppm) and then completely in 2 days to give 84% yield of Ir(ttp)H. Then, 
Ir(ttp)H gradually reacted with fluorobenzene to give Ir(ttp)Ph in 79% yield (Figure 2). 
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Figure 2 Progress of the Reaction between Ir(ttp)(CO)Cl and Fluorobenzene with 
NaOH 
The formation of Ir(ttp)H deserves some explanation. As Ir(ttp)(CO)Cl has been 
reported to react with CS2CO3 in benzene-^/6 and toluene to give Ir(ttp)H and Ir2(ttp)2 
at a lower temperature of 150 in 1 hour (eq. 2.15),47 the reduction chemistry in 
THF was thus examined. 
lr(ttp)(CO)CI +C6D5CD3 二 二 二 0 〉 l r ( t t p ) H + Ir2(ttp)2 (2.15) 
CeDe, N2,150°C, 1h 。, 
(50 equiv) 38/。 41/o 
+ lr(ttp)Bn-d7 + lr(ttp)Me 
2% 14% 
When Ir(ttp)(CO)Cl was heated with NaOH in THF-^/g, Ir(ttp)"Na+ was observed 
to form in 22% yield by NMR spectroscopy (eq. 2.16). 
_ ( C O ) C I J S : 丨 二 ( 2 . 1 6 ) . 
As previous results (Table 2.7, entries 2 and 3) revealed that the CHA product 
was not formed initially, so the formation of CFA product will be investigated first. 
Since Ir(ttp)H, Ir2(ttp)2 and Ir(ttp)"Na+ could be produced from Ir(ttp)(CO)Cl in basic 
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conditions, there are three possible iridium porphyrin intermediates generated in the 
course of the reaction, and the reactivities of these intermediates towards CFA product 
were established by independent experiments. 
2.9.2 Reaction between Ir(ttp)H and Fluorobenzene 
Ir(ttp)H 3b was synthesized independently in 64% yield according to the 
literature method via the reductive protonation of Ir(ttp)(CO)Cl with NaBH4 / HCl (eq. 
2.17)， 
.r(ttp)(CO)C, • H : H T = : 7 0 。 C , 2 h 丨輕（之“乃 
2. HCl, N2, 0。C, 30 min 北 g^o^ 
Ir(ttp)H was then heated with fluorobenzene with and without the presence of 
base. Without NaOH, Ir(ttp)H and fluorobenzene did not give any Ir(ttp)Ph after 27 
day and 76% Ir(ttp)H remained (eq. 2.18). Therefore Ir(ttp)H is not the intermediate 
for CFA reaction. Ir(ttp)H only reacted with fluorobenzene in the presence of NaOH 
in benzene-<i6 to give 75% yield of Ir(ttp)?h (eq. 2.19). Ir2(ttp)2 was observed in the 
course of the reaction by ^H NMR spectroscopy at around 5 = 8.33 ppm. With the 
addition of base to the reaction mixture, the CFA product Ir(ttp)Ph was observed. It is 
likely that Ir(ttp)H could be converted by base to the active species that carries out the ‘ 
CFA reaction. As Ir2(ttp)2 was observed in the reaction of Ir(ttp)H and fluorobenzene 
in basic conditions, Ir2(ttp)2 was then examined for possible CFA reaction. 
4 0 
l r _ H + C6H5F c6D6,200OC，11d = H (2.18) 
(50 equiv) recovtry 
lr(ttp)H + C6H5F 50 equiv NaOH . 卜（2.19) 
CeDe, 200°C,11d ' ^ 
(50 equiv) 75% 
2.9.3 Reaction between Ir2(ttp)2 and Fluorobenzene 
Ir2(ttp)2 3c was synthesized independently in 82% yield according to the 
literature method via hydrogen abstraction of Ir(ttp)H with TEMPO (eq. 2.21)， 
lr{ttp)H , lr2(ttp)2 (2.20) 
CftHft, N2, r. t , 15 mm 
3c 82% 
Ir2(ttp)2 was then heated with fluorobenzene with and without the presence of 
base. Without NaOH, Ir2(ttp)2 and fluorobenzene did not give any Ir(ttp)Ph but 
Ir2(ttp)2 was decomposed after 23 days (eq. 2.21). In the presence of NaOH in 
benzene-^4, Ir2(ttp)2 reacted fluorobenzene to give 68% Ir(ttp)Ph in 9 days (eq. 2.22). 
Therefore Ir2(ttp)2 is not the intermediate for CFA reaction. With the addition of base 
to Ir2(ttp)2, the CFA product Ir(ttp)Ph was observed. Possibly Ir2(ttp)2 is converted to 
the active species that carries out CFA reaction. We therefore proposed Ir2(ttp)2 reacts 
with NaOH to give Ir(ttp)" which is responsible for CFA. 
- Ir2(ttp)2 + CeHsF Unknown mixtures (2.21) 
CeDe, 200 °C, 23 d 
(50 equiv) 
lr2{ttp)2 + CeHsF 二 a O H 丨「帅)(2.22) ’ 
(50 equiv) CeDe’ 200 OC, 9 d 舰 
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2.9.4 Reaction between Ir(ttp)"K^ and Fluorobenzene 
Ir(ttp)-K+ was then synthesized from the deprotonation of Ir(ttp)H by potassium 
tert-butoxidQ and used in situ to react with fluorobenzene (eq. 2.23). After 1 day, 
Ir(ttp)Ph was isolated in 39% yield as the sole product. Ir(ttp)"K^ is thus established to 
be the intermediate for CFA reaction. 
25 equiv ^BuO'K^ ^ CeHsF 
lr(ttp)H ^ ^ "lr(ttp)-K^" ^ ^ lr(ttp)Ph (2.23) 
THF, 200 2 h，N2 THF, 200 1 d, N2 3^0/。 
There were other proposed ways to synthesize Ir(ttp)'K^ from Ir(ttp)(CO)Cl and 
Ir(ttp)H, but the reduction of Ir(ttp)(CO)Cl from sodium amalgam and deprotonation 
of Ir(ttp)H by NaOH / 18-crown-6 were both unsuccessful (eq. 2.24 and 2.25). Direct 
reduction of Ir(ttp)(CO)Cl and reaction in situ with fluorobenzene required very long 
time (eq. 2.26). 
Na/Hg , PhF, 50 equiv NaOH • • , 、 
lr(ttp)(CO)CI ^ "lr(ttp)-Na+" ' ^ Unknown mixtures (2.24) 
(0.02 M) THF, r.t., 15 min, Nj 120 °C, 4 d, Nj 
50 equiv PhF 
• 18-crown-6, NaOH 50 equiv NaOH 
lr(ttp)(CO)CI ^ ”lr(ttp)-Na+" ^ Unknown mixtures (2.25) 
(0 01 M) THF, 150。C，30 min, N2 CgHe, 120。C, 11 d, N2 
50 equiv ArF 
lr(ttp)(CO)CI 圓 小 NaOH , • 50 equiv NaOH , . 
(J;012 M) THF, 200°C, 2h, N2 THF, 120 38 d, N2 
The intermediacy of iridium porphyrin species of CFA was summarized in Table 
2.9. 
4 2 
Table 2.9 Intermediacy of Iridium Porphyrin Species of CFA 
Sj)ecies With Base Without Base 
Ir(ttp)H Ir(ttp)Ph observed Ir(ttp)H recovered 
Ir2(ttp)2 Ir(ttp)Ph observed Decomposition 
Ir(ttp)-K+ Ir(ttp)Ph observed ；^：^ 
Apart from fluorobenzene, other fluorobenzenes also reacted with Ir(ttp)"K^ to 
give CFA products (eq. 2.27, Table 2.9). Fluorobenzene and difluorobenzenes all 
reacted with Ir(ttp)'K"^ to give CFA products as the sole products in the same reaction 
conditions as that of Ir(ttp)(CO)Cl (50 equivalents of fluorobenzene and 50 
equivalents of NaOH). As Ir(ttp)'K'^ and potassium /er/-butoxide are highly reactive, 
decomposition of iridium porphyrin species was observed (precipitate formation) and 
the yields for these reactions were generally lower than the previous experiments 
(Table 2.10, entries 1-4). 
• •• 
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25 equiv tBuO-K+ 200 equiv ArF , • , “、、 
lr(ttD)H •• r(ttp)-K+" ^ lr(ttp)Ar 2.27) 
(0^012 M) THF, 200。C，2 h, N2 ^ ⑷ THF, 200 1 d, N2 
Table 2.10 CFA of Fluorobenzenes by Ir(ttp)'K"' 





5a 38 % 








With Ir(ttp)-K+ as the confirmed intermediate for CFA reaction, Ir(ttp)H, Ir2(ttp)2 
and Ir(ttp)-K+ are likely in equilibria with each other.^ ® As Ir(ttp)H and Ir2(ttp)2 were 
formed during the reaction. Instead, they were converted into Ir(ttp)'K'^ or Ir(ttp)"Na+ 
in the presence of base prior to CFA reaction. 
2.9.5 Reaction between Ir(ttp)Me and Fluorobenzene 
“ Ir(ttp)Me was observed as a side product when Ir(ttp)(CO)Cl reacted with 
fluorobenzene in the presence of weak base or in benzene as solvent. Ir(ttp)Me was 
also examined as a possible intermediate for the CFA process. So Ir(ttp)Me was then 
heated with fluorobenzene in solventless conditions (eq 2.28, Table 2.11). 
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lr(ttp)Me + CeHsF 二二‘丨「帅)卩卜 + _ P ) M e (2.28) 
(0.01 M) 2, ， 4 
Table 2.11 Activation of Fluorobenzenes by Ir(ttp)(CO)Cl 
Entry Time / d CFA Yield / % Ir(ttp)Me Recovery Yield / % Total Yield / % 
1 4 0 69 69 
2 21 8 10 18 
When the reaction was conducted in shorter time of 4 d (Table 2.10, entry 1), no 
CFA was observed and some Ir(ttp)Me decomposed. When the reaction time was 
extended to 21 d (Table 2.10, entry 2), a small amount of CFA product was observed 
in 8% yield but most of the Ir(ttp)Me decomposed. So Ir(ttp)Me is not an intermediate 
for CFA reaction. The very slow production of CFA product was possibly due to the 
high-temperature thermolysis of Ir(ttp)Me into Ir(ttp) radical and in equilibrium with 
Ir(ttp)H and Ir(ttp)". 
2.10 Proposed Mechanism for CFA 
lr(ttp)(CO)CI + NaOH ^ l _ O H + CO + NaCI (i) 
2 lr(ttp)OH ^ 1 _ ) 2 + H2O2 (ii) ‘ 
Ir2(ttp)2 + H2O lr(ttp)H + lr{ttp)OH (iii) 
NaOH 
lr(ttp)H 1/2lr2(ttp)2 + 1/2 H2 (iv) 
_ lr(ttp)H + NaOH lr(ttp)_Na+ + H2O (v) 
lr(ttp)-Na+ + CeHgF ^ lr(ttp)Ph + NaF (vi) 
Scheme 21. Proposed Mechanism of CFA Reaction ‘ 
Base on the above findings，the proposed mechanism for CFA is shown in 
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Scheme 21. Ir(ttp)(CO)Cl first undegoes thermal CO dissociation and then ligand 
substitution with NaOH to give Ir(ttp)OH which is very reactive. Ir(ttp)OH then 
quickly react to give Ir2(ttp)2 and HiO】，’，' H2O2 was trapped by PPhs when PPhs was 
added to the mixture of Ir(ttp)(CO)Cl and KOH in benzene-^/e (Scheme 22). Ir2(ttp)2 is 
equilibrating with Ir(ttp)H and Ir(ttp)"Na+ in basic conditions at elevated temperature. 
The active species, Ir(ttp)"Na+, then undergoes nucleophilic aromatic substitution 
(SNAI) with fluorobenzene to give CFA product. 
KOH 
l r ( t t p ) ( C O ) C I 。 : _p)0H(PPh3) + _p)H(PPh3)+ P(0)Ph3 
200 C, CqDq, N2，3 h 6% y 42% -25% 
/ P P H 3 P P H Y 
\ lr(ttp)OH ^ _ lr(ttp)H / 
- ^ i ^ ^ ^ C V ^ a c e H,0 p p h � 
Scheme 22. Detection of H2O2 
Nucleophilic aromatic substitution can proceed via one of the following 
pathways: (i) addition-elimination reaction or (ii) elimination-addition reaction 
(Scheme 23). 
_ F lr(ttp)1 "'•(ttp) 
厂 令 - C ) • 人 L F 」 F 
lr(ttp)-Na+ + l| I — 7a 
^ f ^ 「 "] ]r(ttp) Ir(ttp) 
V — V ^ + V ^ F 
F F ** 
. 」 7a 
Scheme 23. Proposed SNAF Pathways 
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In the reaction between Ir(ttp)(CO)Cl or Ir(ttp)"K^ with 1,4-difluorobenzene, 
only 7a was observed. Since 6 was not observed in the course or at the end of the 
reaction, the elimination-addition pathway is not operating. Additionally, a strong line 
of evidence supporting addition-elimination reaction is the successful CFA of 
hexafluorobenzene which cannot undergo elimination-addition. 
2.11 Proposed Mechanism for CHA 
The CHA is a consecutive process following the CFA. In the reaction between 
Ir(ttp)(CO)Cl and 1,2-diflouorbenzene, 78% of CFA product Ir(ttp)C6H4F was formed 
after 3 hours and only 71% remained after 1 day with CHA product Ir(ttp)C6H3F2 
present in eq 2.14. CFA product might convert to CHA product (Table 2.7, entries 2 
and 3). As proposed by Dr. Li, B.-Z. in Chan's group, the CHA reaction probably 
comes from the hydrolysis of Ir(ttp)Ar to form Ir(ttp)OH. Then Ir(ttp)OH attacks the 
hydroxide activates the aromatic C-H bond to give CHA product Ir(ttp)Ar' (Scheme 
23).52 -
lr(ttp)Ar jHO-ir(ttp)Ar] . "2。• (如)QH 二 * Ir(ttp)Ar' 
Scheme 24. Proposed CHA Pathways 
2.12 Kinetic and Thermodynamic CFA and CHA Products 
The proposed mechanism in Schemes 22 and 23 is consistent with the CFA 
product being the kinetic one and the CHA product being the thermodynamic one. 
The conversion of CFA product to CHA product was also confirmed (eq. 2.29). When 
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the CFA product of 1,2-difluorobenzene was heated with 1,2-difluorobenzene in the 
presence of NaOH, the CHA product was obtained along with the remaining CFA 
product. 
!r(ttp) F Ir(ttp) Ir(ttp) 
I F 50equivNaOH F F + 々 （ 之 之 , ） 
U U 200。C，4d U k A p 
5a 5a 29% 5b 23% 
recovery 
2.13 Summary 
In summary, the base promoted C-F and competitive C-H activation of 
fluorobenzenes were successfully identified with iridium porphyrin carbonyl chloride 
to give the corresponding iridium porphyrin aryl complexes. Mechanistic studies 
revealed that the C-F activation is achieved by the intermediate Ir(ttp)"Na+ via an 
addition-elimination SwAr process. The subsequent C-H activation was achieved by 
the intermediate Ir(ttp)OH. The C-F and C-H activation products were kinetic and 
thermodynamic products, respectively. 
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Experimental Sections 
3.1 General Procedures 
All materials were obtained from commercial suppliers and used without further 
purifications unless otherwise specified. Hexane was distilled from anhydrous 
calcium chloride. Thin layer chromatrography was performed on pre-coated 
aluminium oxide 150 F254 plates. Benzene and toluene were distilled from sodium 
under N2. Tetrahydrofuran (THF) was distilled from sodium benzopherione ketyl 
under N2. Bond activation reactions were carried out inside thick-wall glass tubes 
equipped with a Rotaflo stopper. The glass tubes were covered by aluminium foil to 
avoid photochemical reactions. Column chromatography was performed on silica gel 
(Merck, 70-230 mesh) or neutral alumina (Merck, 70-230 mesh) with 10% v/v water 
added. 
3.2 Experimental Instrumentation 
1H NMR and '^C NMR spectra were recorded on a Bruker DPX-300 (300 MHz 
and 75 MHz) or Bruker AV-400 (400 MHz and 100 MHz). Chemical shifts were •. 
referenced with the residual solvent protons in C6D6 (5 二 7.15 or 7.16 ppm), C D C I 3 (5 • 
=7 .26 ppm) or with tetramethylsilane (6 = 0.00 ppm) in 'H NMR spectra and C D C I 3 
(5 = 77.16 ppm) in '^C NMR as internal standard. Chemical shifts (5) were reported 
as part per million (ppm) in 5 scale downfield from tetramethylsilane. Coupling 
constants (J) were reported in Hertz NMR spectra were recorded on a Varian 
XL-400 (376.308 MHz). Chemical shifts were referenced with a,a,a-trifluorotoluene 
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(5 二 0.00 ppm) as internal standard. Chemical shifts (5) were reported as part per 
million (ppm) in 5 scale downfield from a,a,a-trifluorotoluene. Coupling constants (J) 
were reported in Hertz (Hz). 
High resolution mass spectra (HRMS) were recorded on a ThermoFinnigan 
MAT 95 XL mass spectrometer. Fast atom bombardment spectra were performed with 
3-nitrobenzyl alcohol (NBA) as the matrix. 
Preparation of Tetratolylporphyrin [H2ttp]/^ (1) 
Pyrrole (11.0 mL, 0.16 mol) was added dropwise to a refluxing solution of 
tolylaldehde (18.0 mL, 0.15 mol) in propionic acid (550 mL). The brown mixture was 
refluxed for 2 h and it turned black. The solution was then cooled to room temperature 
and methanol (600 mL) was added to precipitate the porphyrin. Purple solids of Hbttp 
(5.37 g, 0.008 mol, 20%) was collected by filtration and purified by recrystallization 
from CH2CI2 / MeOH. 
Preparation of Chloro[5,10,15,20-(TetratolyIporphyrinato)(Carbonyl)l 
Iridium(III) [Ir(ttp)(CO)Cl] •第 ( 3 a ) 
A mixture of IrCls.xHiO (1.14 g, 3.2 mmol), 1,5-cyclooctadiene (3.0 mL, 24.5 
mmol), water (9.5 mL) and ethanol (19 mL) were added into a two-neck 
round-bottom flask flushed by N2 for 15 min and a condenser was attached to one end ‘ 
of the flask. A slow stream of N2 was passed through the system and the mixture was 
refluxed for 2 d to give bright orange precipitates. Ethanol was then removed by 
rotary evaporation and the remaining yellow suspension was cooled in a refrigerator 
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overnight. Orange solid of Ir2(COD)2Cl2 (0.65 mg, 0.97 mmol, 60%) was collected by 
filtration, washed with ice-cold methanol and then dried in vacuum at room 
temperature for 1 day. 
H2ttp (180 mg, 0.27 mmol) and Ir2(COD)2Cl2 (181 mg, 0.27 mmol) were added 
into /7-xylene (100 mL) and the solution was refluxed for 4 days. The colour of the 
solution changed from deep purple to deep red. The crude mixture was dried with 
high vacuum and the dark red solid was purified by column chromatography using 
silica gel eluted with a solvent mixture of hexane:CH2Cl2 (2:1). The fast moving 
fractions were discarded and then the mixture was eluted with hexane:CH2Cl2 (1:2). 
The major red fraction was collected and dried with high vacuum. Purple solids of 
Ir(ttp)(CO)Cl (144 mg, 0.16 mmol, 58%) was obtained by recrystallization from 
CH2CI2/ MeOH. 'H NMR (CDCI3, 300 MHz) 5 2.71 (s, 12H), 5 7.57 (d, 8H, •/二 8.1 
Hz), 5 8.12 (dd, 8H, J= 8.4 Hz, 17.7 Hz), 5 8.94 (s, 8H). 
Preparation of 5,10,15,20-(Tetratolylporphyrinato)Hydridoiridium(III) 
[Ir(ttp)H】，(3b) 
Ir(ttp)(CO)Cl (62.4 mg, 0.068 mmol) in THF (26 mL) and a solution of NaBH4 
(51.5 mg, 1.36 mmol) in aq. NaOH (1 M, 5.0 mL) were purged with N2 for 15 min 
separately. The NaBH4 solution was then added slowly to the suspension of 
‘ Ir(ttp)(CO)Cl via a cannula. The mixture was heated at 70 under N2 for 2 h in a 
Teflon screw capped round-bottom flask to give a brown solution. The mixture was 
then cooled to 0 under N2. HCl (IM, 100 mL) was purged with N2 for 15 min and 
was added slowly to the brown solution via a cannula to give a brown suspension. The 
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suspension was further stirred at 0 for 30 min. The brown solid was filtered and 
washed with H2O and vacuum-dried for 1 d. Ir(ttp)H (37.4 mg, 0.043 mmol, , 64%) 
was obtained as brown solid. ^H NMR (CeDg, 400 MHz) 6 2.41 (s, 12H), 5 7.93 (d, 
4H, J= 7.9 Hz), 5 8.21 (d, 4H, J= 7.3 Hz), 5 8.82 (s，8H). 
Preparation of 5,10,15,20-(TetratoIylporphyrinato)Iridium(II) dimer 
[Ir2(ttp)2].49 (3c) 
Ir(ttp)H (0.7 mg, 0.0008 mmol) was dissolved in benzene (0.7 mL). The mixture 
was degassed for three freeze-thaw-pump cycles. TEMPO (0.3 mg, 0.0019 mmol) was 
added to the brown solution under N2 and stirred for 15 min. Benzene, TEMPO and 
TEMPO-H were removed in vacuum and the brown solid of Ir2(ttp)2 (82% by NMR 
integral measurement) was obtained and used without further purification. 
Reaction of Fluorobenzene with Ir(ttp)(CO)Cl and NaOH 
In THF as solvent: 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol), NaOH (21.7 mg, 0.54 mmol) and 
fluorobenzene (52.5 |iL, 0.56 mmol) were added to THF (0.90 mL) as a typical 
example. The mixture was degassed for three freeze-thaw-pump cycles and then .. 
heated at 200 under N2 for 1 d. The solvent was then removed in vacuum and the 
brown crude mixture was extracted by CH2CI2 / water. The red organic fraction was 
dried by rotary evaporation and then purified by column chromatography using 
alumina eluted with a solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were 
discarded and then the mixture was eluted with a solvent of hexane:CH2Cl2 (1:1). The 
major reddish brown fraction was collected and dried with high vacuum. Purple solids 
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of Ir(ttp)Ph 4 (8.3 mg, 0.0088 mmol, 82%) was obtained by recrystallization from 
CH2CI2 / MeOH. 'H NMR ( C D C I 3 , 400 MHz) 5 0.55 (dd, 2H, J= 1.0 Hz, 8.4 Hz), 5 
2.68 (s, 12H), 6 4.72 (dt, 2H, J = 1.5 Hz, 7.0 Hz), 5 5.22 (dt, 2H, J = 1.0 Hz, 6.1 Hz), 
5 7.51 (dd, 8H, J = 5.4 Hz, 6.2 Hz), 5 8.12 (dd, 8H, 2.3 Hz, 6.3 Hz), 5 8.94 (s, 
8H). 
Solvent-free condition: 
Ir(ttp)(CO)Cl (10.4 mg, 0.011 mmol), NaOH (22.2 mg, 0.56 mmol) and 
fluorobenzene (1.05 mL, 11.2 mmol) were mixed and degassed -for three 
freeze-thaw-pump cycles. Then the mixture was heated at 200 °C under N2 for 1 d. 
The solvent was then removed in vacuum and the brown crude mixture was extracted 
by C H 2 C I 2 / water. The red organic fraction was dried by rotary evaporation and then 
purified by column chromatography using alumina eluted with a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexaneiCHiCh (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (9.4 mg, 0.010 
mmol, 89%) was obtained by recrystallization from CH2CI2 / MeOH. 
Reaction of Fluorobenzene with Ir(ttp)(CO)Cl and NaOPh 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol), NaOPh (62.8 mg, 0.54 mmol) and 
‘ fluorobenzene (52.5 )iL, 0.56 mmol) were added to THF (0.90 mL). The mixture was 
degassed for three freeze-thaw-pump cycles and then heated at 200 under N2 for 7 
d. The solvent was then removed in vacuum and the brown crude mixture Was 
extracted by CH2CI2 / water. The red organic fraction was dried by rotary evaporation 
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and then purified by column chromatography using alumina eluted with a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (4.7 mg, 
0.0050 mmol，46%) was obtained by recrystallization from CH2CI2 / MeOH. 
Reaction of Fluorobenzene with Ir(ttp)(CO)Cl and K2CO3 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol), NaOPh (74.8 mg, 0.54 mmol) and 
fluorobenzene (52.5 |xL, 0.56 mmol) were added to THF (0.90 rtiL). The mixture was 
degassed for three freeze-thaw-pump cycles and then heated at 200 under N2 for 1 
d. The solvent was then removed in vacuum and the brown crude mixture was 
extracted by CH2CI2 / water. The red organic fraction was dried by rotary evaporation 
and then purified by column chromatography using alumina eluted with a solvent of 
hexane-.CHiCli (3:1). The fast moving fractions was collected and dried with high 
vacuum. Purple solids of Ir(ttp)Me (1.6 mg, 0.0016 mmol, 17%) was obtained by 
recrystallization from CH2CI2 / MeOH. The remaining fraction was eluted with a 
solvent of hexane:CH2Cl2 (1:1). The major reddish brown fraction was collected and 
dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (4.7 mg, 0.0050 mmol, 46%) was 
obtained by recrystallization from CH2CI2 / MeOH. 
Reaction of Fluorobenzene with Ir(ttp)(CO)Cl and KOH 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol), KOH (3.04 mg, 0.54 irimol) and 
fluorobenzene (52.5 \iL, 0.56 mmol) were added to THF (0.90 mL). The mixture was 
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degassed for three freeze-thaw-pump cycles and then heated at 200 under Ni for 1 
d. The solvent was then removed in vacuum and the brown crude mixture was 
extracted by CH2CI2 / water. The red organic fraction was dried by rotary evaporation 
and then purified by column chromatography using alumina eluted with a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (7.8 mg, 
0.0083 mmol, 77%) was obtained by recrystallization from CH2CI2 / MeOH. 
Reaction of Fluorobenzene with Ir(ttp)(CO)Cl and 20 equiv of NaOH 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol), NaOH (8.7 mg, 0.22 mmol) and 
fluorobenzene (52.5 \iL, 0.56 mmol) were added to THF (0.90 mL). The mixture was 
degassed for three freeze-thaw-pump cycles and then heated at 200 under N2 for 1 
d. The solvent was then removed in vacuum and the brown crude mixture was 
extracted by CH2CI2 / water. The red organic fraction was dried by rotary evaporation 
and then purified by column chromatography using alumina eluted with a solvent of 
hexane-.CHiCb (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexaneiCHiClz (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (7.7 mg, 
0.0082 mmol, 76%) was obtained by recrystallization from CH2CI2 / MeOH. 
Reaction of Fluorobenzene with Ir(ttp)(CO)Cl and NaOH in Benzene 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol), NaOH (21.7 mg, 0.54 mmol) and 
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fluorobenzene (52.5 juL, 0.56 mmol) were added to benzene (0.95 mL). The mixture 
was degassed for three freeze-thaw-pump cycles and then heated at 200 under N2 
for 1 d. The solvent was then removed in vacuum and the brown crude mixture was 
extracted by CH2CI2 / water. The red organic fraction was dried by rotary evaporation 
and then purified by column chromatography using alumina eluted with a solvent of 
hexaneiCHiCli (3:1). The fast moving fractions was collected and dried with high 
vacuum. Purple solids of Ir(ttp)Me (1.2 mg, 0.0014 mmol, 13%) was obtained by 
recrystaliization from CH2CI2 / MeOH. The remaining fraction was eluted with a 
solvent of hexaneiCHiCb (1:1). The major reddish brown fraction was collected and 
dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (3.8 mg, 0.0041 mmol, 37%) was 
obtained by recrystaliization from CH2CI2 / MeOH. 
Reaction of Fluorobenzene with Ir(ttp)(CO)Cl and NaOH at 120 "C 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol), NaOH (21.7 mg, 0.54 mmol) and 
fluorobenzene (52.5 |xL, 0.56 mmol) were added to THF (0.90 mL). The mixture was 
degassed for three freeze-thaw-pump cycles and then heated at 120 under N2 for 6 
» 
d. The solvent was then removed in vacuum and the brown crude mixture was 
extracted by CH2CI2 / water. The red organic fraction was dried by rotary evaporation 
and then purified by column chromatography using alumina eluted with a solvent of 
"‘ hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (2.7 mg, 
0.0029 mmol, 27%) was obtained by recrystaliization from CH2CI2 / MeOH. 
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Reaction of Fluorobenzene with Ir(ttp)(CO)Cl and NaOH at 150 "C 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol), NaOH (21.7 mg, 0.54 mmol) and 
fluorobenzene (52.5 |iL, 0.56 mmol) were added to THF (0.90 mL). The mixture was 
degassed for three freeze-thaw-pump cycles and then heated at 150 under Ni for 5 
d. The solvent was then removed in vacuum and the brown crude mixture was 
extracted by CH2CI2 / water. The red organic fraction was dried by rotary evaporation 
and then purified by column chromatography using alumina eluted with a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexaneiCHiCh (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (6.0 mg, 
0.0064 mmol, 59%) was obtained by recrystallization from CH2CI2 / MeOH. 
Reaction of 1,4-Difluorobenzene with Ir(ttp)(CO)Cl and NaOH 
In THF as solvent: 
Ir(ttp)(CO)Cl (10.4 mg, 0.011 mmol), NaOH (22.5 mg, 0.56 mmol) and 
1,4-difluorobenzene (22.0 ^iL, 0.23 mmol) were added to THF (0.95 mL). The 
mixture was degassed for three freeze-thaw-pump cycles and then heated at 200 
under N2 for 1 d. The solvent was then removed in vacuum and the brown crude 
mixture was extracted by CH2CI2 / water. The red organic fraction was dried by rotary 
“ evaporation and then purified by column chromatography using alumina eluted with a 
solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then 
the mixture was eluted with a solvent of hexaneiCHiCb (1:1). The major reddish 
brown fraction was collected and dried with high vacuum. Purple solids of 
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Ir(ttp)(4-C6H4F) 7a (7.5 mg, 0.0078 mmol, 70%) was obtained by recrystallization 
from CH2CI2 / MeOH. ^H NMR ( C D C I 3 , 300 MHz) 5 0.42 (dd, 2H, J = 6.0 Hz, 8.4 
Hz), 5 2.68 (s, 12H), 5 4.54 (dt, 2H, J = 2.0 Hz, 7.2 Hz), 5 7.51 (dt, 8H, 2.0 Hz, 
3.2 Hz), 5 7.99 (dt, 8H, 2.3 Hz, 7.8 Hz), 5 8.58 (s, 8H). HRMS (FARMS): Calcd. 
for (C54H4iN4lr)+: m/z 938.2955; found m/z 938.2948. 
Solvent-free condition: 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol) and NaOH (22.5 mg, 0.56 mmol) were 
added to 1,4-difluorobenzene (0.95 mL, 9.25 mmol). The mixture was degassed for 
three freeze-thaw-pump cycles and then heated at 200 under N2 for 1 d. The 
solvent was then removed in vacuum and the brown crude mixture was extracted by 
CH2CI2 / water. The red organic fraction was dried by rotary evaporation and then 
purified by column chromatography using alumina eluted with a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. Purple solids of Ir(ttp)(4-C6H4F) 7a (8.5 
mg, 0.0089 mmol, 82%) was obtained by recrystallization from CH2CI2 / MeOH. The 
remaining fraction was eluted with a solvent of hexane:CH2Cl2 (1:2). The brown . . 
fraction was collected and dried with high vacuum. Purple solids of Ir(ttp)(2,5-C6H3F2) • 
7b ( 0 . 8 mg, 0 . 0 0 0 8 mmol, 8 % ) was obtained by recrystallization from CH2CI2 / 
MeOH. 1H NMR (CgDg, 400 MHz) 5 0.73 (ddd, IH, 3.3 Hz, 4.6 Hz, 11.7 Hz), 5 
2.37 (s, 12H), 5 4.27 (ddd, IH, J = 3.9 Hz, 6.9 Hz, 12.1 Hz), 5 4.81 (dt, \H,J= 1.4 Hz, 
7.3 Hz) , 5 7.25 (d，4H, 16.1 Hz), 6 7.29.(d, 4H，3.8 Hz), 58.02 (dd, 4H, 0.8 Hz, 3.8 
Hz), 5 8.12 (dd, 4H，0.9 Hz, 3.8 Hz), 5 8.12 (dd, 4H, J = 0.9 Hz, 3.8 Hz), 68.87 (s, 
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8H). " c NMR (CD2CI2, 100 MHz): 5 21.5, 86.8, 107.0, 110.3, 119.6, 123.5, 127.7, 
127.8, 131.6, 133.8, 134.5, 137.8, 139.0, 143.3, 152.4, 160.8. '^F NMR (CgDfi, 376 
MHz) 5 -61.35 (ddd, IF, 5-F, J = 6.2 Hz, 11.1 Hz, 23.1 Hz), 6 -52.58 (ddd, IF, 2-F, J = 
4.4Hz, 9.5 Hz, 16.6 Hz). HRMS (FABMS): Calcd. for (C54H39F2N4lr)+: m/z 974.2767; 
found m/z 974.2763. 
Reaction of 1,2-Difluorobenzene with Ir(ttp)(CO)Cl and NaOH 
In THF as solvent: 
Ir(ttp)(CO)Cl (10.2 mg, 0.011 mmol), NaOH (21.9 mg, 0.55 mmol) and 
1,2-difluorobenzene (22.0 |iL, 0.22 mmol) were added to THF (0.90 mL). The 
mixture was degassed for three freeze-thaw-pump cycles and then heated at 200 
under N2 for 1 d. The solvent was then removed in vacuum and the brown crude 
mixture was extracted by CH2CI2 / water. The red organic fraction was dried by rotary 
evaporation and then purified by column chromatography using alumina eluted with a 
solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then 
the mixture was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish 
brown fraction was collected and dried with high vacuum. Purple solids of 
Ir(ttp)((o-F)(C6H4)) 5a (8.1 mg, 0.0085 mmol, 77%) was obtained by recrystallization 
from CH2CI2 / MeOH. 'H NMR ( C D C I 3 , 400 MHz) 6 0.25 (dt, IH, J = 1.5 Hz, 6.7 
‘ Hz), 5 2.67 (s，12H), 5 4.35 (ddd, IH, J = 1.5 Hz, 7.9 Hz, 11.5 Hz), 5 4.64 (dt, IH, J = 
1.5 Hz, 6.9 Hz), 5 5.22 (m, IH) , 5 7.52 (dd，8H, J= 3.2 Hz，7.0 Hz), 5 7.99 (d, 8H, J= 
8.0 Hz), 5 8.60 (s, 8 H ) . '^F NMR ( C D C I 3 , 376 MHz) 5 -54.66 (m, 2-F). Calcd. lor 
(C54H4oFN4lr)+: m/z 956.2861 ； found m/z 956.2848. 
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Solvent-free condition: 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol) and NaOH (22.5 mg, 0.56 mmol) were 
added to 1,2-difluorobenzene (1.05 mL, 10.8 mmol). The mixture was degassed for 
three freeze-thaw-pump cycles and then heated at 200 under N2 for 1 d. The 
solvent was then removed in vacuum and the brown crude mixture was extracted by 
CH2CI2 / water. The red organic fraction was dried by rotary evaporation and then 
purified by column chromatography using alumina eluted with a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. A mixture of Ir(ttp)(2-C6H4F) 5a and 
Ir(ttp)(2,3-C6H3F2) 5b in a ratio of 100:39 was obtained as purple solid. The combined 
yield was 99% (10.4 mg). 5b ^H NMR (CeDe, 400 MHz) 6 0.52 (dddd，IH, •/二 1.2 
Hz, 1.4 Hz, 6.8 Hz, 6.8 Hz)„ 5 2.38 (s, 12H), 4.54 (ddt, IH, J = 1.2 Hz, 7.0 Hz, 8.0 
Hz), 4.93 (dddd, 1 H, J= 1.2 Hz, 8.2 Hz, 12.4 Hz, 12.7 Hz), 5 7.20 (d, 4H, 7.2 Hz), 5 
7.31 (d, 4H, 7.6 Hz), 57.98 (dd, 4H, 1.6 Hz, 7.6 Hz), 5 8.12 (dd, 4H，1.6 Hz, 7.6 Hz), 
58.86 (s, 8H). 13c NMR (CD2CI2, 100 MHz): d 21.6, 108.3, 118.1, 123.5, 127.6, 
127.8, 129.2, 131.5, 134.0, 134.4, 137.7, 139.1, 143.3, 144.6, 152.3. '^F NMR (CgDa, •. 
376 MHz) 5 -79.75 (ddd, IF, 3-F，J= 5.6 Hz, 10.0 Hz, 21.4 Hz), 5 -52.58 (ddd, IF, 2-F, . 
J = 6.8 Hz, 6.8 Hz, 12.1 Hz). HRMS (FABMS): Calcd. for (C54H39F2N4lr)+: m/z 
974.2767; found m/z 974.2789. 
Reaction of 1,3-Difluorobenzene with Ir(ttp)(CO)Cl and NaOH 
Ir(ttp)(CO)Cl (10.3 mg, 0.011 mmol), NaOH (22.0 mg, 0.55 mmol), 
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1,3-difluorobenzene (22.0 ^iL, 0.22 mmol) were added to THF (0.90 mL). The 
mixture was degassed for three freeze-thaw-pump cycles and then heated at 200 
under N2 for 1 d. The solvent was then removed in vacuum and the brown crude 
mixture was extracted by CH2CI2 / water. The red organic fraction was dried by rotary 
evaporation and then purified by column chromatography using alumina eluted with a 
solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then 
the mixture was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish 
brown fraction was collected and dried with high vacuum. Purple solids of 
Ir(ttp)((m-F)(C6H4)) 6 (8.8 mg, 0.0092 mmol, 83%) was obtained by recrystallization 
from C H 2 C I 2 / MeOH. NMR ( C D C I 3 , 400 MHz) 5 0.25 (d, IH, J = 11.6 Hz), 5 
0.33 ( d ， m , J = 8.1 Hz), 5 2.69 (s, 12H), 8 4.66 (dd, IH, 7.8 Hz, 15.2 Hz), 5 4.96 
( t ， M , J = 7 . 2 H z ) , 5 7 . 5 2 (d , 8 H , J= 5 . 0 H z ) , 5 8 . 0 1 ( d d , 8 H， J = 6 . 8 H z , 6 . 8 H z ) , 6 
8.60 (s，8H). i9f NMR ( C D C I 3 , 376 MHz) 5 -46.43 (m, 3-F). Calcd. for 
(C54H4oFN4lr)^: m/z 956.2861; found m/z 956.2853. 
Reaction of 1,3,5-Trifluorobenzene with Ir(ttp)(CO)Cl and NaOH in THF 
In THF as solvent: 
Ir(ttp)(CO)Cl (9.8 mg, 0.011 mmol)，NaOH (21.4 mg, 0.54 mmol) and 
1,3,5-trifluorobenzene (22.0 |iL, 0.22 mmol) were added to THF (0.90 mL). The 
— mixture was degassed for three freeze-thaw-pump cycles and then heated at 200 
under N2 for 1 d. The solvent was then removed in vacuum and the reddish brown 
crude mixture was extracted by C H 2 C I 2 / water. The orange organic fraction was dried 
by rotary evaporation and then purified by column chromatography using alumina 
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eluted with a solvent of hexanerCHiCb (3:1). The fast moving fractions were 
discarded and then the mixture was eluted with a solvent of hexaneiCHiCb (1:2). The 
major orange fraction was collected and dried with high vacuum. Purple solids of 
Ir(ttp)((3,5-F2)(C6H3)) 8 (7.6 mg, 0.0078 mmol, 74%) was obtained by 
recrystallization from CH2CI2 / MeOH. ^H NMR (CDCI3 , 400 MHz) 5 0.87 (m, 2H), 5 
2.69 (s，12H), 5 4.74 (dd, IH, J = 9.2 Hz, 9.2 Hz), 5 7.53 (d，8H, J= 7.5 Hz), 5 8.01 
(dd，8H, J= 62 Hz, 6.2 Hz), 5 8.63 (s, 8H). '^F NMR (CDCI3 , 376 MHz) 5 -53.87 (t, 
J= 9.6 Hz). HRMS (FABMS): Calcd. for (C54H39F2N4lr)+: m/z 974.2767; found m/z 
974.2789. 
Reaction of Hexafluorobenzene with Ir(ttp)(CO)Cl and NaOH in THF 
Ir(ttp)(CO)Cl (10.5 mg, 0.011 mmol), NaOH (22.7 mg, 0.57 mmol) and 
hexafluorobenzene (26.5 |iL, 0.23 mmol) were added to THF (0.95 mL). The mixture 
was degassed for three freeze-thaw-pump cycles and then heated at 200 under N2 
for 8 h. The solvent was then removed in vacuum and the orange crude mixture was 
extracted by CH2CI2 / water. The orange organic fraction was dried by rotary 
evaporation and then purified by column chromatography using alumina eluted with a 
solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then 
“ the mixture was eluted with a solvent of hexane-.CHiCb (1:2). The major orange 
fraction was collected and dried with high vacuum. Purple solids of Ir(ttp)(C6F5) 9 
(8.4 mg, 0.0082 mmol, 72%) was obtained by recrystallization from CH2CI2 / MeOH. 
N M R (CDCI3，400 M H z ) 5 2 .67 (s, 12H), 5 7.60 (s，8H), 5 7.98 (m，8H), 5 8.61 (s， 
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8H). HRMS (FARMS): Calcd. for (C54H36F5N4lr)+: m/z 1028.2484; found m/z 
1028.2472. 
Competition Reaction between Fluorobenzene and 1,2-Difluorobenzene 
Ir(ttp)(CO)Cl (10.2 mg, 0.011 mmol), NaOH (22.5 mg, 0.56 mmol), 
fluorobenzene (10.5 |iL, 0.11 mmol), 1,2-difluorobenzene (11.0 |iL, 0.11 mmol) and 
THF (0.90 mL) were degassed for three freeze-thaw-pump cycles and heated at 200 
for 1 d. The solvent was then removed in vacuum and the brown crude mixture 
was extracted by CH2CI2 / water. The red organic fraction was dried by rotary 
evaporation and then purified by column chromatography using alumina eluted with a 
solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then 
the mixture was eluted with a solvent of hexane:CH2Cl2 (1:2). The major red fraction 
was collected and dried with high vacuum. A mixture of Ir(ttp)Ph 4 and 
Ir(ttp)((6)-F)(C6H4)) 5a in a ratio of 3:100 was obtained as purple solid. The combined 
yield was 89% (9.4 mg). 
Competition Reaction between Fluorobenzene and 1,4-Difluorobenzene 
Ir(ttp)(CO)Cl (10.7 mg, 0.012 mmol), NaOH (23.7 mg, 0.59 mmol), 
fluorobenzene (11.0 jxL, 0.12 mmol), 1,4-difluorobenzene (12.0 |j,L, 0.12 mmol) and 
THF (0.95 mL) were degassed for three freeze-thaw-pump cycles and heated at 200 ‘ 
"C for 3 d. The solvent was then removed in vacuum and the brown crude mixture 
was extracted by CH2CI2 / water. The red organic fraction was dried by rotary 
evaporation and then purified by column chromatography using alumina eluted with a 
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solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then 
the mixture was eluted with a solvent of hexane:CH2Cl2 (1:2). The major red fraction 
was collected and dried with high vacuum. A mixture of Ir(ttp)Ph 4 and 
Ir(ttp)((p-F)(C6H4)) 7a in a ratio of 56:100 were obtained as purple solid. The 
combined yield was 80% (8.8 mg). 
Competition Reaction between Fluorobenzene and Hexafluorobenzene 
Ir(ttp)(CO)Cl (10.0 mg, 0.011 mmol), NaOH (22.1 mg, 0.55 mmol), 
fluorobenzene (10.5 jiL, 0.11 mmol), hexafluorobenzene (13.0 |xL, 0.11 mmol) and 
THF (0.90 mL) were degassed for three freeze-thaw-pump cycles and heated at 200 
for 1 d. The solvent was then removed in vacuum and the brown crude mixture 
was extracted by CH2CI2 / water. The orange organic fraction was dried by rotary 
evaporation and then purified by column chromatography using alumina eluted with a 
solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then 
the mixture was eluted with a solvent of hexane:CH2Cl2 (1:2). The major orange 
fraction was collected and dried with high vacuum. Ir(ttp)C6F5 (5.7 mg, 0.0055 mmol, 
51%) 9 was obtained as purple solid. 
Competition Reaction between 1,2-Difluorobenzene and 13-Difluorobenzene 
Ir(ttp)(CO)Cl (9.9 mg, 0.011 mmol), NaOH (21.0 mg, 0.53 mmol), • 
1,2-difluorobenzene (11.0 |iL, 0.11 mmol), 1,3-difluorobenzene (11.0 jjL, 0.11 mmol) 
and THF (0.90 mL) were degassed for three freeze-thaw-pump cycles and heated at 
200 for 1 d. The solvent was then removed in vacuum and the brown crude mixture 
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was extracted by CH2CI2 / water. The red organic fraction was dried by rotary 
evaporation and then purified by column chromatography using alumina eluted with a 
solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then 
the mixture was eluted with a solvent of hexaneiCHzCh (1:2). The major red fraction 
was collected and dried with high vacuum. A mixture of Ir(ttp)((o-F)(C6H4)) 5a and 
Ir(ttp)((w-F)(C6H4)) 6 in a ratio of 66:100 were obtained as purple solid. The 
combined yield was 82% (8.4 mg). 
Competition Reaction between 1,3-Difluorobenzene and 1,4-Difluorobenzene 
Ir(ttp)(CO)Cl (10.2 mg, 0.011 mmol), NaOH (23.2 mg, 0.58 mmol), 
1,3-difluorobenzene (11.0 0.11 mmol), 1,4-difluorobenzene (11.5 jiL, 0.11 mmol) 
and THF (0.90 mL) were degassed for three freeze-thaw-pump cycles and heated at 
200 for 1 d. The solvent was then removed in vacuum and the brown crude mixture 
was extracted by CH2CI2 / water. The red organic fraction was dried by rotary 
evaporation and then purified by column chromatography using alumina eluted with a 
solvent of hexaneiCHiC^ (3:1). The fast moving fractions were discarded and then 
the mixture was eluted with a solvent of hexane:CH2Cl2 (1:2). The major red fraction 
was collected and dried with high vacuum. Ir(ttp)((m-F)(C6H4)) (9.7 mg, 0.0010 mmol, 
92%) 6 was obtained as purple solid. 
Reactions of Ir(ttp)(CO)Cl with Fluorobenzene and NaOH at 200 ^C in Sealed 
NMR Tube 
Ir(ttp)(CO)Cl (6.2 mg，0.0067 mmol), NaOH (14.8 mg, 0.37 mmol) and 
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fluorobenzene (31.5 |iL, 0.34 mmol) were mixed with benzene-t^ (0.60 mL) in a 
Teflon screw capped NMR tube. The mixture was degassed for three 
freeze-thaw-pump cycles and the NMR tube was sealed with flame under vacuum. 
The NMR tube was then heated at 200 in an oil bath. The reaction was monitored 
using ipl NMR. After the reaction completed, the NMR tube was cut open. The 
solvent was then removed in vacuum and the brown crude mixture was extracted by 
CH2CI2 / water. The red organic fraction was dried by rotary evaporation and then 
purified by column chromatography using alumina eluted with a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (2.5 mg, 
0.0027 mmol, 40%) was obtained by recrystallization from CH2CI2 / MeOH. 
雷' 
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Table 3.1 Base Effect of CFA with Ir(ttp)(CO)Cl 
… 卫 上 Ir(ttp)(CO)Cl Yield / % Ir(ttp)H Yield / %—…Ir(ttp)Ph Yield / % 
0 100 0 0 
2 88 13 0 
4 74 25 0 
16 45 44 0 
46 10 81 0 
19.6 0 84 11 
301 0 53 34 
364 0 34 54 
517 0 15 75 
560 0 3 79 
Reactions of Ir(ttp)H with Fluorobenzene and NaOH at 200 ""C in Sealed NMR 
Tube 
Ir(ttp)H (6.0 mg, 0.0070 mmol), NaOH (14.1 mg, 0.35 mmol) and 
fluorobenzene (33.0 joL, 0.35 mmol) were mixed with benzene-^^ (0.60 mL) in a . 
Teflon screw capped NMR tube. The mixture was degassed for three 
freeze-thaw-pump cycles and the NMR tube was sealed with flame under vacuum. 
The NMR tube was then heated at 200 in an oil bath. The reaction was monitored • 
using NMR. After the reaction completed, the NMR tube was cut open. The 
solvent was then removed in vacuum and the brown crude mixture was extracted by 
CH2CI2 / water. The red organic fraction was dried by rotary evaporation and then 
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purified by column chromatography using alumina eluted with a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (4.9 mg, 
0.0052 mmol, 75%) was obtained by recrystallization from CH2CI2 / MeOH. 
Reactions of Ir(ttp)H with Fluorobenzene at 200 in Sealed NMR Tube 
Ir(ttp)H (5.7 mg, 0.0066 mmol) and fluorobenzene (31.0 ^iL, 0.33 mmol) were 
mixed with benzene-t4 (0.60 mL) in a Teflon screw capped NMR tube. The mixture 
was degassed for three freeze-thaw-pump cycles and the NMR tube was sealed with 
flame under vacuum. The NMR tube was then heated at 200 ''C in an oil bath. The 
reaction was monitored using NMR. 
Reactions of Ir2(ttp)2 with Fluorobenzene and NaOH at 200 ®C in Sealed NMR 
Tube 
Ir2(ttp)2 was prepared in situ from Ir(ttp)H (3.2 mg) in a Teflon screw capped 
NMR tube. NaOH (7.5 mg, 0.19 mmol), fluorobenzene (17.0 ^iL, 0.19 mmol) and . 
benzene-flf6 (0.35 mL) were added. The mixture was degassed for three 
freeze-thaw-pump cycles and the NMR tube was sealed with flame under vacuum. 
The NMR tube was then heated at 200 in an oil bath. The reaction was monitored ‘ 
using 1h NMR. After the reaction completed, the NMR tube was cut open. The 
solvent was then removed in vacuum and the brown crude mixture was extracted by 
CH2CI2 / water. The red organic fraction was dried by rotary evaporation and then 
68 
purified by column chromatography using alumina eluted with a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (2.3 mg, 
0.0025 mmol, 68%) was obtained by recrystallization from CH2CI2 / MeOH. 
Reactions of Ir2(ttp)2 with Fluorobenzene at 200 in Sealed NMR Tube 
Ir2(ttp)2 was prepared in situ from Ir(ttp)H (3.2 mg, 0.0037 mmol) in a Teflon 
screw capped NMR tube. Fluorobenzene (17.0 |xL，0.19 mmol) and benzene-^/6 (0.35 
mL) were added. The mixture was degassed for three freeze-thaw-pump cycles and 
the NMR tube was sealed with flame under vacuum. The NMR tube was then heated 
at 200 ^C in an oil bath. The reaction was monitored using ^H NMR. 
Reactions of Potassium 5,10,15,20-(Tetratolylporphyrmato)iridate(I) with 
Fluorobenzene 
Ir(ttp)H (10.0 mg, 0.0116 mmol) and ^BuO'K^ (32.5 mg, 0.29 mmol) were 
added to THF (1.0 mL) in a Teflon screw capped tube. The mixture was degassed for • 
three freeze-thaw-pump cycles and heated at 200 °C for 2 h. The solvents were 
removed under high vacuum and degassed THF (2 mL) was added to the brown 
residue to give a brown suspension. The suspension was transferred to another screw ‘ 
capped tube via a cannula with a filter. The solvent was removed under high vacuum 
and the brown residue was mixed with fluorobenzene (0.22 mL, 2.32 mmol) and THF 
(0.75 mL) under N2. The mixture was degassed for three freeze-thaw-pump cycles 
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and heated at 200 for 1 d. The solvent was then removed in vacuum and the brown 
crude mixture was extracted by CH2CI2 / water. The red organic fraction was dried by 
rotary evaporation and then purified by column chromatography using alumina eluted 
with a solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and 
then the mixture was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish 
brown fraction was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 
(4.1 mg, 0.0044 mmol, 39%) was obtained by recrystallization from CH2CI2 / MeOH. 
Preparations of Sodium 5,10,15,20-(TetratolyIporphyrinato)iridate(I) and the 
Reaction with Fluorobenzene (Using Sodium Amalgam) 
Sodium (2.5 mg, 0.110 mmol) and mercury (0.22 g, 1.10 mmol) were mixed in 
a test tube until the mixture turned dark grey. Ir(ttp)(CO)Cl (10.2 mg, 0.011 mmol) 
was added to THF (1.8 mL) in a Teflon screw capped tube. The mixture was degassed 
for three freeze-thaw-pump cycles and the two mixtures were mixed under nitrogen 
and stirred in room temperature for 15 min. The dark grey suspension was transferred 
to another screw capped tube via a cannula with a filter. The solvent was removed 
under high vacuum and the brown residue was mixed with fluorobenzene (52.0 \iL, 
0.55 mmol) and NaOH (22.2 mg, 0.55 mmol) under N2. The mixture was degassed for 
three freeze-thaw-pump cycles and heated at 120 for 4 d. No Ir(ttp)Ph was 
observed by both 'H NMR spectrometry and TLC analysis. 
70 
Preparations of Sodium 5,10,15,20-(Tetratolylporphyrinato)iridate(I) and the 
Reaction with Fluorobenzene (Using 18-Crown-6) 
Ir(ttp)H (11.5 mg, 0.0133 mmol), NaOH (27.5 mg, 0.69 mmol) and 18-crown-6 
(9.6 mg, 0.036 mmol) were added to THF (2.0 mL) in a Teflon screw capped tube. 
The mixture was degassed for three freeze-thaw-pump cycles and heated at 150 for 
30 min. The solvent was removed under high vacuum and the brown residue was 
mixed with fluorobenzene (63.0 [iL, 0.67 mmol) and benzene (1.30 mL) under Ni. 
The mixture was degassed for three freeze-thaw-pump cycles and heated at 120 °C for 
11 d. No Ir(ttp)Ph was observed by both ^H NMR spectrometry and TLC analysis. 
Preparations of Sodium 5,10,15,20-(Tetratolylporphyrinato)iridate(I) and the 
Reaction with Fluorobenzene (Using NaBH4) 
Ir(ttp)(CO)Cl (10.3 mg, 0.0111 mmol), NaOH (48.9 mg, 1.22 mmol) and 
NaBH4 (12.8 mg, 0.338 mmol) were added to THF (4.6 mL) in a Teflon screw capped 
tube. The mixture was degassed for three freeze-thaw-pump cycles and heated at 200 
for 2 h. The solvents were removed under high vacuum and degassed THF (2 mL) 
was added to the brown residue to give a brown suspension. The suspension was 
transferred to another screw capped tube via a cannula with a filter. The solvent was 
removed under high vacuum and the brown residue was mixed with fluorobenzene 
- (53.0 “L, 0.56 mmol), NaOH (22.6 mg, 0.57 mmol) and THF (0.95 mL) under N2.“ 
The mixture was degassed for three freeze-thaw-pump cycles and heated at 120 for 
38 d. The solvent was then removed in vacuum and the brown crude mixture was 
extracted by CH2CI2 / water. The red organic fraction was dried by rotary evaporation 
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and then purified by column chromatography using alumina eluted with a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions was discarded and the remaining 
fraction was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish brown 
fraction was collected and dried with high vacuum. Purple solids of Ir(ttp)Ph 4 (4.3 
mg, 0.0046 mmol, 41%) was obtained by recrystallization from CH2CI2 / MeOH. 
Reactions of Potassium 5,10,15,20-(Tetratolylporphy rinato)iridate(I) with 
1,2-Difluorobenzene 
Ir(ttp)H (10.0 mg, 0.0116 mmol) and ^BuO'K" (32.5 mg, 0.29 mmol) were 
added to THF (1.0 mL) in a Teflon screw capped tube. The mixture was degassed for 
three freeze-thaw-pump cycles and heated at 200 for 2 h. The solvents were 
removed under high vacuum and degassed THF (2 mL) was added to the brown 
residue to give a brown suspension. The suspension was transferred to another screw 
capped tube via a cannula with a filter. The solvent was removed under high vacuum 
and the brown residue was mixed with 1,2-difluorobenzene (0.23 mL, 2.32 mmol) and 
THF (0.75 mL) under N2. The mixture was degassed for three freeze-thaw-pump 
cycles and heated at 200 for 1 d. The solvent was then removed in vacuum and the 
brown crude mixture was extracted by CH2CI2 / water. The red organic fraction was 
dried by rotary evaporation and then purified by column chromatography using 
alumina eluted with a solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were 
discarded and then the mixture was eluted with a solvent of hexane:CH2Cl2 (1:1). The 
major reddish brown fraction was collected and dried with high vacuum. Purple solids 
of Ir(ttp)(o-C6H4F) 5a (4.0 mg, 0.0042 mmol, 38%) was obtained by recrystallization 
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from CH2Cl2/MeOH. 
Reactions of Potassium 5,10,15,20-(Tetratoly Iporphy rinato)iridate(I) with 
1,3-Difluorobenzene 
Ir(ttp)H (10.0 mg, 0.0116 mmol) and 'BuO'K"^ (32.5 mg, 0.29 mmol) were 
added to THF (1.0 mL) in a Teflon screw capped tube. The mixture was degassed for 
three freeze-thaw-pump cycles and heated at 200 for 2 h. The solvents were 
removed under high vacuum and degassed THF (2 mL) was added to the brown 
residue to give a brown suspension. The suspension was transferred to another screw 
capped tube via a cannula with a filter. The solvent was removed under high vacuum 
and the brown residue was mixed with 1,3-difluorobenzene (0.23 mL, 2.32 mmol) and 
THF (0.75 mL) under N2. The mixture was degassed for three freeze-thaw-pump 
cycles and heated at 200 for 1 d. The solvent was then removed in vacuum and the 
brown crude mixture was extracted by CH2CI2 / water. The red organic fraction was 
dried by rotary evaporation and then purified by column chromatography using 
alumina eluted with a solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were 
discarded and then the mixture was eluted with a solvent of hexaneiCHiCh (1:1). The 
major reddish brown fraction was collected and dried with high vacuum. Purple solids 
of Ir(ttp)(m-C6H4F) 6 (8.1 mg, 0.0085 mmol, 76%) was obtained by recrystallization 
- from CH2CI2 / MeOH. ‘ 
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Reactions of Potassium 5,10,15,20-(Tetratolylporphy rinato)iridate(I) with 
1,4-Difluorobenzene 
Ir(ttp)H (10.0 mg, 0.0116 mmol) and (32.5 mg, 0.29 mmol) were 
added to THF (1.0 mL) in a Teflon screw capped tube. The mixture was degassed for 
three freeze-thaw-pump cycles and heated at 200 for 2 h. The solvents were 
removed under high vacuum and degassed THF (2 mL) was added to the brown 
residue to give a brown suspension. The suspension was transferred to another screw 
capped tube via a cannula with a filter. The solvent was removed under high vacuum 
and the brown residue was mixed with 1,4-difluorobenzene (0.24 mL, 2.32 mmol) and 
THF (0.75 mL) under N2. The mixture was degassed for three freeze-thaw-pump 
cycles and heated at 200 for 1 d. The solvent was then removed in vacuum and the 
brown crude mixture was extracted by CH2CI2 / water. The red organic fraction was 
dried by rotary evaporation and then purified by column chromatography using 
alumina eluted with a solvent of hexane:CH2Cl2 (3:1). The fast moving fractions were 
discarded and then the mixture was eluted with a solvent of hexane:CH2Cl2 (1:1). The 
major reddish brown fraction was collected and dried with high vacuum. Purple solids 
of Ir(ttp)(p-C6H4F)7a (1.5 mg, 0.0016 mmol, 14%) was obtained by recrystallization 
from CH2CI2 / MeOH. . 
Reaction between 5,10,15,20-(Tetratolylporphyrinato)iridium(III) Methyl and 
Fluorobenzene 
Short time: -
Ir(ttp)(CO)Cl (9.7 mg, 0.011 mmol), NaOH (22.4 mg, 0.56 mmol) and 
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fluorobenzene (1.00 mL, 10.7 mmol) were mixed and degassed for three 
freeze-thaw-pump cycles. Then the mixture was heated at 200 under N2 for 4 d. 
The solvent was then removed in vacuum and the brown crude mixture was extracted 
by CH2CI2 / water. The red organic fraction was dried by rotary evaporation and then 
purified by column chromatography using alumina eluted with a solvent of 
hexaneiCHiCb (3:1). The major reddish brown fraction was collected and dried with 
high vacuum. Purple solids of Ir(ttp)Me (6.7 mg, 0.008 mmol, 69%) was recovered by 
recrystallization from CH2CI2 / MeOH. 
Long time: 
Ir(ttp)(CO)Cl (9.8 mg, 0.011 mmol), NaOH (22.0 mg, 0.56 mmol) and 
fluorobenzene (1.00 mL, 10.7 mmol) were mixed and degassed for three 
freeze-thaw-pump cycles. Then the mixture was heated at 200 under N2 for 21 d. 
The solvent was then removed in vacuum and the brown crude mixture was extracted 
by CH2CI2 / water. The red organic fraction was dried by rotary evaporation and then 
purified by column chromatography using alumina eluted with a solvent of 
hexaneiCHiCli (3:1). The reddish brown fraction was collected and dried with high 
vacuum. Purple solids of Ir(ttp)Me (1.0 mg, 0.001 mmol, 10%) was recovered by . 
recrystallization from CH2CI2 / MeOH. And then the mixture was eluted with a 
solvent of hexane:CH2Cl2 (1:1). The reddish brown fraction was collected and dried 
with high vacuum. Purple solids of Ir(ttp)Ph 4 (0.8 mg, 0.0009 mmol, 8%) was 
obtained by recrystallization from CH2CI2 / MeOH. 
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Reactions of 5,10,15,20-(Tetratolylporphyrinato)iridium(III) or//K?-Fluorophenyl 
with 1,2-Difluorobenzene 
Ir(ttp)(o-C6H4F) (7.7 mg, 0.0081 mmol) and NaOH (16.5 mg, 0.41 mmol) were 
added to 1,2-difluorobenzene (0.68 mL) in a Teflon screw capped tube. The mixture 
was degassed for three freeze-thaw-pump cycles and then heated at 200 °C under N! 
for 4 d. The solvent was then removed in vacuum and the brown crude mixture was 
extracted by CH2CI2 / water. The red organic fraction was dried by rotary evaporation 
and then purified by column chromatography using alumina eluted with, a solvent of 
hexane:CH2Cl2 (3:1). The fast moving fractions were discarded and then the mixture 
was eluted with a solvent of hexane:CH2Cl2 (1:1). The major reddish brown fraction 
was collected and dried with high vacuum. A mixture of Ir(ttp)(2-C6H4F) 5a and 
Ir(ttp)(2,3-C6H3F2) 5b in a ratio of 100:79 was obtained as purple solid. The combined 
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// / r = \ / \\ SFOl 400.1306003 MHz 
I ""-"'l""' 
Z N Z \ LB 0.3U Ks 1/ ^ “ \n ir——I 
l r ( t t p M 2 - C 6 H 4 F ) 
.. I , • 
J A i A J 
_ _(1齒齒_ , , I _ 齒 . _ „ 
9 e 7 6 5 4 3 2 1 0 -1 -2 -3 -4 -5 -6 -7 ppm 
STANDARD IM ORSCRVI 
Pulse S«queiir.•！ s?pu> 
Solvent: 6eo/eii 
Anbltnl lempetA urc 
JNOVA'-IOO “ 1 nov 4 00 .Chen. cuhK . nriu .hk" 
Acq. lime 0.6^5 t«c 
Vtdth SOOOO.O H . 
1?8 repelKlons 
OBStRVE r 19, 37 aSOIMOS KHz • 
DATA PROCfSSINO J 
Itne broadening I.0 H/ 
FT H i t 1310/2 f 
Total time 1 nhi i bJ tec .. 
_ ^ D ^ ^ ' i ’ 
l r ( t t p K 2 - C e H 4 F ) S a ^ ^ t ^ 
J l — ^ 





/ lr(ttp)(2,3-C6H3F2) 5b \ 
“ — L J J / j l - .. 
A M 八八 八 八 
|§| f s s l M JS • N SI 9 » 9 r » o» 9 « o. 
o ， Jj 
9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4 ppm 
iHrHfHf~(HiHHiHrHHfHrHrHrHrH»HrHHrHrHrHrHr"»rHH«HrHCOOO iD iD lO lO iTJ <N) V.XfNO ；» 
Tlnn" 1 
INSTP.itM 91 •？ f-t 
•‘ rftlMID S am rw»jl. l.ic 
"二 • 
I- SOI VENT cn."TM2 
\ M.i m v f 
r- svni "fm.“l H.- • 
\ / / TK K 
i - . 
. C f ^ ^ u t I…：：專 
I-.；..I., n 丨•!,.丨丨l�UM..l.….I, V .….I � … . L A••......I 
I I I I I I I I I I I I I I I I I I . 
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm 
85 
1 i H i s i s ^ R ^ g s ^ 
o ( v j c s i N c o c o r o 0 > 0 > 0 > 0 ) 0 > 0 > 0 ) 0 ) 
/ lr(ttp)(2,3-C6H3F2) 5b \ 




I 1 1 1 ！ I I I I I 1 I I 
0 -50 -100 
ppm (f1) 
Bnjker A d v a n c e TTT 4fiO 
i l i i l s l l i l i i l i 1 i i i i 
I WW � V ^ • 看 ET 
INSTRUM spect 
PROSHO b im. PXDUL 13C 
PULPPOG zg 
TD 65536 
SOLVENT CDC 13 
NS 32 . 
OS 0 
r SWK 8012.S20 Hz 
»i FIDRES 0.122266 Hz 
V AQ 4.0894966 sec 
/-^ ：^：-^  RG 203 • 
/ \ DW £2.400 usee 
U \ DC 6.50 uaec 
\\ / 〉 TE 299.0 K 
/ / D1 1.00000000 sec •‘ 
\ r ^ y TDO 1 • 
r r " " " ' ^ / • … •… C H A N N E L fl 
// ^ / ( f \ NOCl IH 
J / / \\ \ PI 14.63 usee 
X / f=\ / \ // PLl 0.00 dB 
/ \ / y - ^ y y PLIH 6. 31434441 * 
^ X 」 V / / ^ ^ SFOl 400.1316005 HHz . 
/ y - ^ S ^ SI 32766 
/ ^ / \ SI" 400.1300068 MHz 
rrA 1/ 。.；S 
\ — — \ OB 0 
lU/ j y J “ ' � � 
AJUU. j l l l _ l . A 一 i^ i : .. 
8 S 5 S S S 3 
as M oo O —j rj fs • 
‘ ™"9 8 "7 "T "b" "I 3 2 厂 0 -1 -2 - 3 -5 -6 -1 PPi" 
86 
is 明帛巧转¥¥ E F 
II \ � � \ \ l l / , " v I ^ E � — 1 
【？-；強• 
f ^ — ^ M ^ i "iil 
^ I V & ！‘ " 
( U / j j PLIH 41.24164963 W 
NUC2 IH 
PCPD2 90.00 usee 
PL2 0.00 dB 
PL12 15.6C dB 
PL2N e.31434441 * 
PL12W 0.22585411 W 
Sr02 400.1320007 MHt 
SI 131072 
SF 100.6127559 HKt 
MDH EN 
SSB 0 
LB 3.00 Hz 
GB 0 
PC 1.40 
• 丨 ^ ^ , 一 . L ^ r,„iVtL- Iim 1,.『,..-C4__. ,1 - . . . L - r - .u】「"hji, n .. r I'f in - rr--V f-. 
I 1 1 1 1 1 1 1 1 1 
160 140 120 100 80 60 40 20 0 ppm 
STANDARD IH OBSfRVf 
Pulse Sequence: t7put 
ORSERV^ n9?"376 .3011572 NHz e 
DATA PROCtSSINO ； 
line bronrtentng 1.0 Hz 
FT stz« 131072 « 
Total ttne 0 ntn, 56 sec •‘ 
V/^ 、 : 
IrlttpKa-CftH^F) 6 
I nil % n m n, ^ u ___ii _ • 
7 0 6 0 5 0 4 0 3 0 2 0 1 0 0 - 1 0 - 2 0 - 3 0 - 4 0 ‘ p p m 
87 
<x： rv if>. cr： ov ••？ •."»> I'M —i <.rj —〜 f n h- y- iri T' m 〜 , • » ! it. 、wo u, »•’ -
.^ “:• •、•> '.-V cy tr- if;. t： •、：，.、「".亡 ij-i i'l ：'.'! ！}.... V： O. C, a' '‘:• •：!> -z 'i •‘ v, rr； ':-•、 ； ；^ . ‘  * . v' ； 
..+:.:.,：卜‘，；>• 卜...〜…：...:’：i*. •；-• . .-： -V K ..7.•？ .。.“ c> <> w ••；,.、：-、•. v.: /二。 ‘ . 
. 、 m j 贊 乂 . 零 「 " i 領 A M ； ^ . 」 ' 
; H r「 Y I ill I I r K. . ^ -iJisvsv. 
.'OO.M ？ vX-
”，-- \> vj:i 
M.-ri；'-,"- •i.id" 
•； ：•：广《i:人.？rfl 
仁 〜、““：" /s 
i \ t 
V y 0 M： 
I M / (y \ Cw bS.bOO uvec 
i J r \ ； ' - r 
/ \ / 广 y j} I MC/CWOO 
X-jsssS. y-rttGT o.ooo-jwy) stc 
, I H / \ '• •rt'K 0 t'Ji(‘OC>W> m-
A 丨/ X :-—'’-;:… 
N Ir N 31 Of) aicc 
I \ ^ 〜’ W 
I > 5 - D l S'O IJI^OO UMi 
力飞 『 y 300 U 丨鹏 MH? 
l r ( t t p K 4 - C , H , F ) t X ^ » 
I j , I It NHft pArawtecf 
“ I I U 从 RO t 觀 
n I . 1 rt IC w 
乂^ “ A A — A .. •„..‘ —... ...... riP !€ 000 cos 
I I i I i I I I i I “ 2CCl.30m 
1 M / \ I / \ -6 coo O&n 
o 丨a m V ' a> ^ -iBOt 78 m 
s aJ rii , O, ^ rO , W/C. 
.•>.v,.i»，YTrrTii.TrtTT»p.ifnii.vTrr»f»T”vv"j>f««*._^ n.M.«.<n?r«.«.i.i._.i:.nrnt.»...i‘n‘》nY:«iTTT”iTf7_."fi^  
赃 0 6 J K ,? 0 -J； 二 . ， 
h m 卜 o«wr><oop><er4 Brukcr Advance III 4 00 NMR 
«)co®®««®m®r«r^r«r«t-%^i*"*«^»rM<'w‘ipir«jI;«^<g^ « n o o d d o o o o d NAME IrtiLpX?,^ r Ph» lit 
I ET™ J 
TJ 
TNSTF'JM flpocl 
MoBir> ? m j'Mmr ni/ 
PTT-PROO tg 
r- / TO 
r*—-.^ \ BoiiVmr cKSfc 
C KMI 1013.1173 HI 
/ / r ptrWRS 0.122766 Hz 
\ . JS ‘�•，”;;..= 
V " ^ ^ / nw «2.40n imnc 
r \ s A'sr" . 
n j / \\ \ Dt 1.00000000 BfC J \ ；ici— 一 “ •；,7 • 
PI 7.10 Uflrc • I 、 M ' / \ I'M J.OO <1B 
/ / \ H.m 1).1?7147«8 K 
/ / \ sroj 4 0O.13IS00S MHz 
ir""^ ^  / /y fir 4 00 110048 0 hh» i HMI rH 
.N r N unn 0 
U / I V u I.B 0.10 Hz • 
/ lr(ttp)(2,5-CgH3F2) 7b \ • 
/[ J \ A )\ )\ A -
i m fil i i i i 
9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4 ppm 
88 
o o o u ) < o r - c o c r » r « M C M f O i O f O Q o m o o f o r - ^ i n o < ^ c r » r > « 3 ' 0 y> a> ro co 
<Mr-iH«3"ooo>xtocriOf»>(T»cr>aiioa)in<j»inro<>* 赞 v o o r H c o o i o o m oo m 
rHr^co«rc\jor»inf*-i£>co^r>'!j'cor>voior--vo'5rcoro<s}fHor-to r- c^ c\j m VD 
o r - r o o r - i n r j to 
M O 疗 C M f O f T (卜 * r r O H p - p - r o c T i m m c n o o o o 卜 f"•卜 r - . . . Current Data I aiafnci»-ia 
»Dv£>«ntr)^fom<nfnrofgcsjcvjr-iiHTHiHTHiHi-»iHoooor-^o vr rr <n m en ^ nam: ircitp) (/,'> r > h) ,.15 
tHiHrHiHrHrHf-4f-JrHiHT-HrHtHHrHrHrHiHiHiHfHfHrHrHTHe0«0 If) lO lO iD iD fsj RXfMO +.1 “ 
• I ,‘,‘"�“,—,.-
ruitf .oo'>ofl(M 
Tin?" Hi. M 
:N.•！TK'-M 
I'W nun wn rA【__j.】>c 
F > / \ HII v«0<! r <11 .J 10 
• "Ti \ Tl' 
\\ A noi vFjn cn;ri2 -F IS 
I \ / / FIIflKii V.-lfiC'-W Hs 
J?. � . 《 ， 二 -
II / / \\ \ nw •？o.flfjo usee 
\ J l=\ / \ J - 二 
/ \ / Dl ？.ooonoono jK-c 
I I / \ — CllANNn, f 1 
J I / \ Nuti ly： 
ITA / ？u r 
、\l Ir t-I.lW -t.fINC«00;.0 W 
I ir •、、 JiFCl lOO.f.；•丄HSU 
V - ^ CIlWiHKI t/ \ I I "'"IS 
W IJ / X l U V • J .f iHrxMiOd H 
\ W I IJ l-ur.w -I . MNCHrtCK) X 
\ V tv II I'M 'W -l.f IHI^ IfOOO 
y ^ ^ 11 sfVi- I'jo.i.-'WiDh m s 
/~~^ lr(ttp)(2,5-C6H3F2) Jf" "n?^；"" 
sr 丨 C»O.M;?7、:?I rti7. 
r’3P 0 
l.P I .r<0 M/. 
G» 0 
KT 1.40 
_ _ I N 一 又 知 一 i M i rnm^m^^mmmtmmtm 
1 1 1 1 1 1 'I I I I I I I I I I I I 
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm 
C M c o i i j Q W ^ o ^ T - o c o h - m o c N j ^ 
m 兮 ID 适 fi5®3SrC>IO>rCMCOlO(OCOO 
o i o » r ) i o i n i o i o < D ( 0 co o co co co co 寸 
O CvjCNjCNjCNirvjCNiojCvj 
d t n i n i n i o i n i n i n i n 
• • 




I I I I I I I 1 I r “ ““I 1 1 1 • 
0 -50 -100 
PPm(f1) 
89 
5 | | |S | | Slg I m i l § Bruker Advancn III 400 
子〒〒Y�二� ？TT V 7 HAME CYC-23  (1» 




PROBHD 5 ma PABBI IH/ 
PULPROG zg 




SMH 8012.820 Ht 
FIDRES 0.122266 Kz 
AO 4.0S94966 tvc 
RG 203 
DM 62.400 usee 
P DE 6.50 usee 
「 \ TE 294.6 K 
\ > 01 I.00000000 sec 
/ \ TDO 1 
U ""'f* CHANNEL fl •••••••• 
/ / NlJCl IH 
V V y , PI 1.10 usee 
\ / / PLl -2.00 UB 
V - ^ ^ / PLIM 13. 17734718 W 
II ^ I / \ SrOl 400.1308003 MHc 
// 7 / \\ \ SI 32768 
S： / / V / W y ) sr 400.1300051 MHz 
碧 丨：丨「 
I 
/ lr(ttpH3,5-C6H3F2)8 \ 
JUl l \ X . 
A A A A A A 
i s ? 宗 s 系 
00 M as O 2 — 
‘ 9 8 7 6 “ I r 3 2 1 o" -1 -3 -4 -5 -6 -7 ppm 
STANOAKU IM OBSEKVI 
fiiUe SequiMtte: sZpul 
solvent ！ boiwoiie 
AmhJenl tempeiature 
I^ OVA-iiaO ” J rios>«100.ctiem. cuhk . odu . hk” 
Acq.'tli i i O.e^s'iSr. 
Width 100.0 KHZ • 
64 repetUtoiu 
OBSERVE ri9, 376.3011174 MH/ 
DATA PROCESSING 
Une broadening 1.5 Kz P 
FT sUe 262144 \ 
Tot«l ttwe 0 _“’, 56 soc 
i s诚： 
/ lr(tp)(3,5-C6H3F2)8 \ 
_ _ _ _ _丨丨 I I I _ _ _ _ 1 _ _ _ _」 | » » # > | | | | ^ > _丄 _丨 _ _ _ 1丨 _丨丨 _ _ 
'1 ' • • « v. ' .” r f » I I I I -r rt '-I I I • , : • I , I ’，1 • t ' ' « f ' • • I r f - n-' 5 I | • ••••，.-,,‘•-.•, r i , i i ” . ， ， r " ， ， 






































































































































V 、：必、 � � � . . ^ . . . 
^. 。 . 、 ，::;，； 
....• • . • - . - ： ：：-',:^  
.;�.,:• � • � ” . . . I , , ‘ ‘ � 
• --；‘：^： . • .. • •• - , •:.•.-、. 、 ； . , . - . ‘ - . . r �. ） 
： ^ ‘ 、 - ⑷ . . ， . . ； . . . •.劑 
^ . 1 
‘X •： “ V • ：_(,.• • • . . . , . • 、 . , - . . . . - - . ••‘ . ‘ _ . . . V 
.• ：•• . ‘ ： - - . - • ‘ . • . ， . . . . , . 、 . . . • . . . • , . . ‘ J '�:'i.. . '••••： - . • • "•： •• ‘ •‘ ‘ .‘、. ； 
^ - > < • I ： • ； — . ：：; .�:.::••.;•' … • •^V-aBI 
_ 
, � ， ^ V - CUHK Libraries 广 ^ ^ ^ ^ L e _ ^ 
004828090 : : ^ 德 
…：、‘‘ • 二乂、、：〜:：⑤^ 
